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Electrospinning is a cheap and scalable technique to produce composite fibers in the micro or 
nanometer size range. It consists in accelerating a polymeric solution with a high voltage; 
fibers form upon stretching and solidification in the electric field. If the composite fibers 
include metal ions, metal oxide fibers can be obtained by adequate annealing step. The 
particular 1-dimensional morphology raises interest in field such as regenerative medicine, 
photovoltaic, or filtration. This thesis features the synthesis of niobium metal oxide nanofibers 
by electrospinning. Nb2O5 is a n-type transition metal oxide semiconductor, which properties 
depend on the oxygen stoichiometry. Control post electrospinning sintering step allows to 
develop different crystal structures: pseudo-hexagonal(H), orthorhombic(O), and 
monoclinic(M) in the present work. The fibers are characterized by various techniques:  
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), X-Ray 
Diffraction (XRD), density measurement, Brunauer Emmett Teller (BET) surface area 
measurement, conductivity measurement.  
 
The interesting properties of Nb2O5 allow it to find applications in various areas like gas 
sensors, catalysts, electrochromic system, photoelectrode for Dye-Sensitized Solar Cell 
(DSSC) or Lithium-Ion Battery (LIB). This thesis features an extensive study of the most 
common polymorphs of Nb2O5 electrospun nanostructure for application in DSSC, Solar 
Fabric, and LIBs. 
 
DSSC is a silicon free photovoltaic system, using dye molecule to generate photocharges. The 
dye is anchored on a metal oxide network, which serves to transport electrons from the dye to 
the outer circuit. This specific design gives promise of cheaper photovoltaic devices with 
moderate efficiency compared to silicon technology. In this work, the three polymorphs of 
Nb2O5 are tested as photoanode in DSSC. Device performance is evaluated by current-voltage 
characteristic, while electron transport properties are discussed from Open Circuit Voltage 
Decay technique, and Electrochemical Impedance Spectroscopy (EIS). Despite the lower 
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efficiency of M-Nb2O5 among the polymorphs because of its low surface area, it exhibits the 
best electron transport properties, which is reflected in the kinetic studies. 
 
Solar Fabric is a recent photovoltaic design inspired from its DSSC counterpart, where each 
fiber of the fabric acts as a photovoltaic device. While still in its infancy, Solar Fabric gives 
promise of flexible and large area photoconversion fabric. H-Nb2O5 has been tested in such as 
system, providing proof of concept of Nb2O5 based solar fabric. 
 
LIB has become an energy storage medium of choice for various applications, from portable 
devices to electric vehicles.  In LIB, lithium ions are shuffling between the anode and cathode 
during charge and discharge, allowing energy storage during intercalation in the anode, and 
energy release during intercalation in the cathode. This thesis studies the application of Nb2O5 
as cathode material in LIB, in the form of coin cell (CR2016). Cycling performance of the 
three polymorphs as cathode material is studied by Cyclic Voltammetry and Galvanostatic 
Cycling. Kinetic studies on lithium intercalation process are done by EIS and Galvanostatic 
Intermittent Titration Technique. Initial capacity and capacity retention are the best for the M-
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1 Chapter 1: Introduction 
Energy consumption will increase drastically because of an increasing population 
together with improved living standards expected for most people. Currently, the modern 
society heavily relies on fossil fuel to provide energy for its basic needs such as electricity 
production or transportation. However, this energy scheme is not sustainable for three main 
reasons: fossil fuel sources are gradually depleting, fossil fuels are the main cause of global 
warming and are supplied by a few countries in the world. But fossil fuels still remain a cheap 
and convenient energy supply, hence their importance nowadays. Alternative energies exist 
like renewable energies, i.e. producing energy without destroying the source to produce it.  
The sources can be wind, water or sun, which are freely available on earth. Solar energy is 
seen as a particularly promising source of energy since sunlight is virtually available 
everywhere.  Interest in these renewable energies stems from global awareness that global 
warming will lead to irreversible and unacceptable damage to life.  
 
Sunlight can be used to heat water, highly efficient and cost effective systems water 
heating systems are already available on the market for private use or for companies. Solar 
energy can also be harnessed for direct electricity production. Solar cell panels are already 
available in the market and are mainly based on silicon technologies. With efficiency around 
20% for commercially available solar cells, they still remain too expensive for mass 
production of energy compared to other sources of energies in term of cost per watt peak. 
Indeed they require high quality silicon wafer and complex manufacturing processes. Efforts 
are directed towards bringing up efficiency or decreasing the cost. Efficiency of traditional 
silicon solar cell is gradually increasing but is still not high enough to be cost competitive 
with other source of energy. Highly efficient solar cell can be achieved with multi junction 
solar cell, reaching efficiency above 40%. They work under high illumination intensity; 
usually a solar concentrator provides several hundred times intensity than the normal light. 
The light spectrum is then split and dealt with by the different junction of the cell. Although 
highly efficient, these cells and their concentrators are expensive. To bring down cost, another 
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generation of silicon solar cell was introduced, called the thin film solar cell. It consists in 
using a very thin amorphous silicon layer of a few hundred nanometers. Despite their low 
efficiency around 10%, they are very thin and flexible and use far less silicon than the first 
generation solar cell. Another layer of polycrystalline silicon can be added to increase the 
efficiency of the cell, as the two layers absorb a different part of the solar spectrum. Thin film 
technology is still improving to push up the efficiency. Then there is the third generation of 
solar cell, called the organic solar cell. The way they function is totally different from 
previous solar cell technologies, which are basically p–n junction. Besides, the third 
generation does not rely on silicon but introduce some organic component to convert photon 
to electron. It can be a dye as in the Dye Sensitized Solar Cell (DSSC), which found a 
renewed interest in 1991 when Grätzel demonstrated interesting efficiency with N3 dye 
anchored mesoporous TiO2.
1
 One of the main advantage of DSSC is a less demanding 
fabrication process. A DSSC is less sensitive to impurities compared to silicon based 
technologies, it can be produced by cheap and easily scalable processes such as screen 
printing, spraying or pressing.
2
 Therefore, DSSC offers promise of cheap solar energy. 
 
Renewable energies are clean but are less convenient to use. Sun and wind are not always 
available where the energy plants are. Energy consumption does not match the availability of 
sun or wind, as for example energy demand is very high after sunset to provide lighting. 
Therefore renewable energy comes with its dual topic of energy storage. Energy is produced 
when possible and stored until it is needed. Different technologies of batteries exist, with their 
own set of advantages and drawback. These can be classified into two main categories: the 
primary batteries that can be used only once and the secondary batteries that can be recharged. 
Among the secondary batteries, the use of one type of battery depends on the application 
characteristic. Lead acid batteries are mainly used as car batteries. Though their energy 
density and self discharge rate are moderate, they benefit from no memory effect and 
moderate price, hence their widespread in the automobile industry. For portable devices using 
small batteries like AA or AAA, Nickel Metal Hydride are commonly used. Though they 
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exhibit less energy density that Lithium Ion Batteries (LIB), their cost of production is much 
less and they easily replace primary alkaline batteries as both share similar performances. 
However, LIB has dominated the portable device market for the last decade. Lithium battery 
has been first introduced by Sony in 1998 to provide battery with high storage capacity and 
with lightweight. The battery is composed of LiCoO2 as the cathode material and graphite as 
the anode material. Despite the significantly higher cost compared to other technologies, this 
kind of battery has gradually equipped most of mobile equipment thank to its high volumetric 
and gravitommetric energy density, that is how much energy can be stored for a given volume 
or a given mass of active material. Nowadays lithium ion battery can be found in a large array 
of portable products and is expected to equip the future highly energy consuming electric car. 
As all these applications demand better battery performances, active research is still going on 
to improve the parameters such as energy density, long term cyclability, safety, rate 
capability, eco friendliness and cost.  
1.1 Nb2O5 
 




 Owing to their attractive physical properties 




, and electrochromic devices 
11
. 
Niobium Pentoxide (Nb2O5) is an n-type transition metal oxide semiconductor with an oxygen 
stoichiometry dependent bandgap ranging between 3.2 to 4 eV. Stoichiometric Nb2O5 is an 
insulator (conductivity, σ ~3x10-6 Scm-1) and becomes semiconducting (σ ~3x10-3 Scm-1) with 
decrease in oxygen stoichiometry (Nb2O4.8).
12
  The Nb2O5 exists in many polymorphic forms; 
H-Nb2O5 (pseudo-hexagonal), O-Nb2O5 (orthorhombic), T-Nb2O5 (tetragonal), and M-Nb2O5 
(monoclinic) are the most common crystallographic phases.
13
 1D Nb2O5 nanostructure can be 
synthesized via different routes: nanorods by precipitation
14
,nanobelt by urea assisted 
method
15
, nanosheet by hydrothermal technique
16
, and nanofibers by electrospinning
17
. 
Despite the advantages of electrospinning and the various possible application of Nb2O5, few 
reports on the synthesis of electrospun Nb2O5 nanofibers are available, and none exists on 




1.2 Dye Sensitized Solar Cells 
1.2.1 Structure and principle of the DSSCs 
 
Figure 1 Schematic principle of a DSSC showing electron transfer from Pt to electrolyte (I3
- reduction), dye 
regeneration (I- oxidation), electron generation by photo excitation of the dye, exciton dissociation at dye/Nb2O5 
interface, and electron diffusion in Nb2O5. 
The DSSC consists of two electrodes: the anode is dye anchored metal oxide attached 
to a transparent conducting electrode, the cathode is a transparent conducting glass coated 
with platinum (Figure 1). Electrolyte is sandwiched and sealed in between. When light 
reaches the dye, electrons are excited from the Highest Occupied Molecular Orbital (HOMO) 
of the dye to its Lowest Unoccupied Molecular Orbital (LUMO). An electron-hole pair called 
an exciton is thus generated. This exciton is dissociated at the interface between the dye and 
the metal oxide because the LUMO of the metal oxide lies at a lower energy than  that of the 
dye and because the density of states in the conduction band of the metal oxide is larger than 
in the dye.
18
 Subsequently the electron travels to the upper transparent electrode through the 
metal oxide network. Its associated hole diffuses through the electrolyte, whose role is to 
regenerate the exited dye molecules. Oxidation of the electrolyte molecule provides electrons 
to the dye, while reduction of the electrolyte molecules by the platinum on the counter 
electrode provides the hole to the counter electrode. Although most of the incoming photons 
are absorbed by the dye and generate electrons, these electrons do not all reach the external 
circuit.They suffer various recombination processes (Figure 2). High efficiency depends on 
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the kinetics of the different processes involved, charge generation and transport should be 
faster than the various recombinations.
2
 The generated exciton (i) diffuses and dissociates at 
the dye/metal oxide interface (iii), then electrons are injected into the metal oxide network (iv) 
(interfacial electron transfer). This process has to compete with radiative recombination (ii), 
i.e., the relaxation of the excited dye directly into its ground state. Typically interfacial 
electron transfer occurs in the picoseconds scale and is three orders of magnitude faster than 
radiative recombination.
19
 Once injected in the metal oxide, electrons diffuse (vii) to the 
cathode. All of them do not reach the outer circuit, some electrons recombine with the 
oxidized dye molecule (vi) (interfacial recombination) or with the oxidized molecules in the 
electrolyte (v) (electron back transfer), some electrons lose their energy through electron-
phonon relaxation(viii). Electron back transfer happens two order of magnitude faster than 
interfacial recombination.
19
 The above processes leave the dye oxidized, to allow sustainable 
electron generation, the dye has to be regenerated fast enough by the electrolyte (ix, x). 
 
Figure 2. kinetic processes in a DSSC, in blue are shown (i) exciton generation, (iii) diffusion,  and (iv) 
dissociation at the dye/Nb2O5. Also in blue are presented electron diffusion in Nb2O5 (vii), as well as electrolyte 
(ix) oxidation and (x) reduction. The various recombination processes are shown in red: (ii,vi) recombination with 





1.2.2 Issues and solution 
 
The theoretical efficiency of a DSSC was calculated to be 31% for a single junction. Yet 
efficiency above 12% has not been reached yet. The highest efficiency reported so far in 
DSSC is reported by Nazeeruddin et al.
20
 Using black N3 dye on TiO2 film, they achieved 
11.12% efficiency. As stated before, there are many parameters influencing charge transport 
and thereby photoconversion efficiency. Based on these parameters, the following strategies 
have been applied to improve efficiency of DSSC.  
 
1.2.2.1 Nb2O5 in DSSC 
Efficiency can be improved by decreasing recombination, which partially depends on the 
combination dye/metal oxide. Electron-hole recombination in a metal oxide can be favored or 
reduced depending on the parity of the valence and conduction band.
2
 TiO2, Nb2O5 and ZnO 
have valence band consisting in hybridized s-p orbitals and their conduction band are made of 
pure 3d orbitals. The dissimilar parity of the two bands decreases electron-hole recombination 
in these kind of metal oxides. Besides, for a given metal oxide, the crystal structure also 
greatly impacts on recombination processes. The motion of electrons in DSSC has been 
modeled by the trapping/detrapping theory: electrons hop from one energy state to another, 
which arise from defects in the crystal structure and dangling bonds of the surface atoms. 
These trap states are located within the band gap and they do not exist in single crystal 
material, where electrons move only in the conduction band.  Simulations of electrons 
multiple hopping have estimated the number of hop to be in the order of 10
7
 in titanium 
dioxide.
21
 These traps considerably slow down electrons and increase the probability of 
electron recombination. 
Though TiO2 provides highest efficiency in DSSC as of now, other materials with interesting 
properties can be applied in DSSC. As mentioned above the properties of the metal oxide are 
very important, especially the band structure. Nb2O5 possesses a higher bandgap energy than 
TiO2 and is therefore of interest in DSSC. Besides Nb2O5 was reported to have the second 
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highest ICPE after TiO2 when sensitized with N3.
3
  However, few reports are available on the 
application of Nb2O5 in solar cells. Nb2O5 have used as nanoparticles in DSC.
22-24
 The highest 





Besides the intrinsic properties of the material, morphology plays an important role in DSSC. 
The most obvious parameters involved is the surface area of the material, as a higher surface 
area hosts more dye molecules and allows more electron generation. But the morphology of 
the metal oxide also plays an important role. Nanoparticles offer high surface area. But their 
spherical morphology leads to an unstructured network with important grain boundary (Figure 
3.a). Thus electrons move randomly from one particle to another, increasing carrier 
recombination. The diffusion length is a characteristic length taking into account these factors 
and stands as an average length over which an electron diffuses before recombination. The 
average diffusion length in TiO2 nanoparticles based DSC has been estimated to be 15-20 μm. 
21
 The electrode thickness in therefore limited, as well as the absolute amount of dye in a 
DSSC.  From this point of view, ordered structure may be of interest in solar cell to improve 
the diffusion coefficient of electrons. A one-dimensional morphology may allow directional 
electron transport, instead of a random motion like in a network of spherical particles. In the 
optimal configuration, one dimensional nanostructures such as nanotubes or nanowires stand 
normal to the electron collecting electrode. Moreover, a 1D structure can support a small 
electric field due to a partially depleted space charge region within its volume (Figure 3.b). 
This confines electrons to the core of the 1D structure and decreases recombination 
probability.
25
 Nanoparticles cannot sustain such electric field due to their small size, any 
electric field is screened by the electrolyte surrounding the nanoparticles.    However, up to 




Figure 3. Electron diffusion in (a) nanoparticles and (b) one dimensionnal systems. Nanoparticles of a few tens nm 
are too small to support bend bending, while nanofibers ~150 nm can support band banding in the radial 
direction. 












1.2.2.3 Dye engineering 
The quantum efficiency of a cell, i.e. the percentage of photon generating an electron-
hole pair at a specific wavelength,  depends on the dye/metal oxide duo. The absorption 
spectrum depends on the dye, but it can be shifted depending on the underlying metal oxide. 
Besides, a same dye anchored on different metal oxides yields different Incident Photon to 
electron Conversion Efficiency, ie different dye/metal oxide converts more or less efficiently 
an incoming photon with a given wavelength to an electron. It partially depends on how 
efficiently electrons from the excited dye are injected in the metal oxide. Majority of the dyes 
in DSSC are ruthenium based dye (N3, N719, black dye…), which have been engineered 
especially for TiO2.  They absorb mostly in the visible region. Active research is going on to 
improve the IPCE as well as to enlarge the absorption window into the infra red region.  
 
1.2.2.4 Electrolyte 
The electrolyte plays an important part in the DSSC in its role of regenerating the dye. 
The redox potential of the electrolyte should be sufficiently more positive than the HOMO of 
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the dye to allow fast electron injection from the electrolyte to the dye. The species 
transporting hole in the electrolyte should diffuse fast enough to allow effective reduction of 
the oxidized dye molecule, the regeneration process of the dye should be in the nanosecond 
scale to keep up with the exciton generation process. Electrolyte can be tuned with additives: 
polymers, inorganic fillers, and plasticizers have been reported to improve ion mobility.  
Lithium ions have also been used to adsorb onto the metal oxide surface. It induces a shift to 
more positive potential of the conduction band of the metal oxide, facilitating electron 




1.3 Lithium Ion Battery 
1.3.1 Structure and principle of the LIBs 
 
Figure 4. Principle of Lithium Ion Battery during discharge. Lithium ions shuffle through the electrolyte and the 
separator from the anode and intercalate into the cathode material, providing energy to the load connected to the 
battery. 
The inital lithium battery designed was composed of four mains components: a LiCoO2 as a 
cathode, a lithium metal anode, a liquid electrolyte, a separator, and current collectors (Figure 
4). Energy storage and supply is done through movement of lithium ions between the two 
electrodes. During discharge lithium ions are diffusing through the electrolyte, an ion 
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conductor but electrical insulator, to intercalate into the cathode. To maintain charge balance, 
electrons are moving from the anode to the cathode through the outer circuit, providing energy 
to any load connected to the battery. As opposed to primary batteries, secondary batteries like 
Li ion batteries can be reused. They can be recharged by applying an electrical current 
opposed to that flowing during discharge, which reverses the process occurring during 
discharge. Early lithium batteries were not as safe as today’s battery, upon cycling lithium 
metal could form one the electrode in the form of dendrite. These dendrites could grow, pierce 
the separator and create a short between the two electrodes. This would result in overheating 
and sometimes battery explosion, deterring application of lithium battery. To avoid dendrite 
formation current the lithium metal has been replaced by a Li-ion insertion compound, this 
breakthrough lead to a boom in lithium battery development, lead most notably by Sony in the 
90’s. The lithium ions are initially present in the cathode before the first use of the battery and 
they migrate between the cathode and the graphite anode during cycling. For this reason Li 
ion battery is also known as rocking chair, swing and shuttle-cock battery. However LIBs still 
suffer from dendrite formation on the anode material during fast charge and discharge.  
Typical commercial batteries employ LiCoO2  as the cathode, graphite as the anode, and non 
aqueous electrolyte. 
During charge the cathode is oxidized in the following reaction: 
                       
       
The anode undergoes reduction: 
                             
The overall reaction during charge is: 
                           
The cell develops thereby a potential equal to the difference between the cathode potential and 
the anode potential, here E = 0.6 V – (-3.0 V) = 3.6 V. The potential can also be expressed 
from the lithium chemical potential of cathode and anode as: 
  





With n the number of electrons involved in the reaction and F the faraday’s constant. 
1.3.2 Issues and Solution 
The performances of lithium battery depend highly on the intrinsic as well as the extrinsic 
properties of the anode and cathode material, which impact on the key parameters of a battery. 
 
1.3.2.1 Nb2O5 in LIBs 
 
From the nature of the material roots the operating voltage of the cell, i.e. the difference 
between the cathodic and anodic voltage. For high power application, a high voltage cell is 
preferred, ie a high voltage cathode and a low voltage anode. However, different applications 
require different voltages, some specific applications may demand low voltage battery. Such 
low voltage applications include micro electronics or memory back up. The use of a specific 
low voltage energy device may allow tapping energy from the battery without voltage 
conversion system. For these kinds of niche applications, low voltage cathodes have been 
developed. Nb2O5 has been identified as a 2V cathode material
8
 and different morphologies 






. Those studies highlight the 
excellent rate capability of 1D Nb2O5 structures.
15
 Nb2O5 with fibrous morphology may 
therefore provide good cycling performances, but electrospun Nb2O5 nanostructures have 




Like in DSSC, interest in nanomaterials with various morphologies has been growing because 
of prospect of better battery performances. First generation lithium ion battery used millimeter 
size particle in electrodes. The relative big size of the particle limits the rate of 







 The time lithium ions take to diffuse into active material increases with the size 
of the particle, so the particle size intrinsically limits rate of charge and discharge. Though 
lithium battery boasts high energy density compared to other energy storage technology, 
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limited rate has confined lithium batteries to low power application. In that view, 
nanomaterials are opening the door to major improvement for Li-ion batteries.  
However, nanosize comes with advantages and drawbacks
30
, which can be briefly summarized 




-nanosize particles enable reaction that could not occur in micrometer size particles, such as β-
MnO2. 
31
 Intercalation of lithium  in β-MnO2 cause the destruction of the rutile structure in the 
case of micron size particle, but reversible cycling is possible for nanometer size particle. 
-small dimension of particles enables faster lithium ion insertion and removal, as ions have to 
travel shorter distance in nanoparticles. The characteristic diffusion time constant (t = L²/D) is 
proportional to the square root of the diffusion length and inversely proportional to the 
diffusion coefficient. Hence the importance to decrease particle size.
32
 
-small particle increases the active surface area in contact with the electrolyte and enable 
higher flux of lithium ion across the interface. 
-nanoparticles may allow an extended range of crystal structure available for a given material 
by suppressing undesirable structure transition. There is a critical particle radius for a given 
phase, called the critical nucleation radius, under which phase transition is not possible. This 
phenomenon has been studied in LiFePO4, exhibiting size dependent phase transition.
33
 







-nanosized material may be difficult to synthesize on an industrial scale, with controlled 
properties such as size or purity. This could prevent commercial applications. 
-high surface area caused by small particle size increases side reaction with the electrolyte. 
Electrolyte decomposition is known to induce irreversible cycling. 
-Density of nanomaterial is usually less compared to their bulk counterpart. For the same 




The morphology impacts on lithium and electron diffusion. A good material should allow fast 
lithium removal and insertion, while ensuring good electronic transport properties. 
Nanoparticles exhibit fast lithium intercalation and deintercalation due to their nanoscale. But 
electron motion is slowed down by the multiple grain boundaries as well as the randomness of 
the particle network. As a consequence, one dimensional structures offer promise of better 
cycling performance by enhancing electron transport. Structures like fibers or wires provide 
directional electron transport with reduced grain boundary. Besides, inter wires connectivity is 
better compared to interparticle connectivity, as a wire can have more contact points with the 
surrounding wires. This is important in the context of material expansion/contraction during 
charge/discharge that may induce loss of connectivity within the nanostructure, especially in 
the case of nanoparticles. The optimal 1D structure possesses a low diameter to allow fast 





1.3.2.3 Reversibility and charge density 
 
Cathode and anode materials should be able to accommodate a large amount of lithium ion, in 
a reversible process. In the ideal case, lithium ion exchange should occur reversibly during the 
two electrodes upon charge or discharge. However in real battery many side reactions entails 
irreversible reaction, which leads to decrease in the cycling performance of the battery. 
Intercalation/deintercalation of lithium ion in the electrode causes structural, composition or 
volume change in the active material. These changes are ideally reversible upon charge and 
discharge, but irreversible change can decrease the material’s ability to accommodate lithium 
ion and its storage ability.  The behavior of the electrode during cycling depends on the 
intrinsic nature of the active material as well as on its morphology and crystal structure. The 
ability to host lithium ion is measured by the charge density in mAhg
-1
, which is usually high 
for low molecular weight material. Besides portable energy devices requires high energy 
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density to decrease the volume of the battery, which increases with the density of the active 
material. As charge and volumetric energy density are opposed, a compromised is to be found. 
 
1.3.2.4 Electrode kinetics 
Fast insertion and extraction of lithium into and from a given material dictates how fast a 
battery can store and release energy, it is of prime importance for high power application. It 
depends on how easily lithium can insert and de-insert and is measured by the ionic 
conductivity of the material. Ionic conductivity is dual to the electron conductivity, as good 
electron transport properties is needed to keep the charge balance  during migration of Li
+ 
ions. Low resistance like in metal decreases internal resistance within the cell. For less 
conductive material such as metal oxide, coating or blending with conducting material 
provides the necessary connectivity between particles and substrates. 
 
1.3.2.5 Electrolyte 
The electrolyte should have high Li ionic conductivity, with good chemical and thermal 
stability. An electrolyte possesses a window of stability, that is a potential range in which the 
electrolyte remains stable. This issue mainly concerns high voltage cathode, where the voltage 
of the cell may exceed the stability window of the electrolyte. The reaction between active 
materials and the electrolyte (mainly the solvent) should be limited. It leads to the formation 
of the solid electrolyte interface, which can be useful. But excessive reaction leads to 
undesirable byproducts and electrolyte drying. 
1.3.2.6 Other concerns 
There are also concerns about prices and nature friendliness. The current cathode made of 
LiCoO2 provides excellent cycling performances but is toxic, whereas current anode made of 
graphite exhibits poor gravitommetric capacity. Therefore active research on new material 







1.4.1 Basic principle 
 
Figure 5. Electrospinning setup: a syringe containing a polymeric solution delivers its load through a needle. The 
needle is connected to a high continuous voltage supply, an electric field between the tip and the grounded 
collector is thus created and allows fibers formation. 
Electrospinning as a method for producing nanostructures of advanced materials such as 
polymers, metal oxides, metals etc. is currently gaining immense research interest 
35-38
 not 
only due to easiness in synthesizing one-dimensional (1-D) nanostructures in a mass scale but 





, and filtration 
47-49
.The electrospinning technique consists in 
accelerating a viscous solution in a high electric field (Figure 5). The electric field forces the 
charged ions within the solution to move and accelerate toward the decreasing potentials. In a 
typical setup, the solution is flowing constantly through a narrow needle type, which is 
connected to a high potential. The potential gradient attracts the charged liquid toward a 
grounded collector. When this attractive force overcomes the surface tension of the liquid, jet 
is initiated at the exit of the needle type (Figure 6). Then the charged ions are accelerated in 




Figure 6. Competition between coulombic force and surface tension at the needle exit. When an electric force 
created by the electric field surpasses surface tension, a jet is initiated.  
 
During the flight time from the source output to a grounded collector, another phenomenon 
called bending instability occurs. Instead of flowing straight to the collector, the jet is bending 
and describing a coil like trajectory contained within a so called Taylor cone. This arises when 
the repulsive electrostatic forces of the charge ions overcome the surface tension within the 
forming fibers. As the fibers are getting thinner the young modulus of the fibers is decreasing, 
that is the fiber is less resistant to deformation normal to its axis. Charged ions are aligned in 
the axis of the fiber, which induces a maximum repulsion between the charges. To minimize 
the repulsion energy, charges tend to break that alignment, which is made possible when the 
electrostatic forces are superior to the surface tension holding the fiber strait and the charges 
aligned (Figure 7). If the initial solution contained solvents, those may evaporate during the 
flight time and the fibers are solidifying on their way to the collector. Besides, there may be 
other reactions during the flight time, depending on the electrospun solution and the 
surrounding environment. If the polymeric solution contains a metal ion, then appropriate post 
annealing of the composite fibers result in desired inorganic 1-D nanostructure. A large 
number of 1-D nanostructures of metal oxides have been synthesized by electrospinning, a 






Figure 7. Origin of bending instability. Upon fiber stretching, coulombic repulsion between charged ions in the 
fibers surpasses surface tension holding the fiber straight. 
1.4.2 Parameters in electrospinning 
Electrospinning is a simple and easily scalable technique, yet it offers a wide tunability on the 
properties of the fibers. The fiber properties depend on many parameters. 
 
1.4.2.1 Solution conductivity and surface tension 
The solution has to be liquid enough to be drawn out smoothly from the tip of the needle, but 
is has to be viscous enough to create enough surface tension and prevent spraying instead of 
fiber formation. The surface tension is temperature and composition dependant, for a pure 
liquid system the surface tension decreases with increasing temperature while it can be the 
opposite for a mixture. The solution also needs good electrical properties as the electric field 
acts on the charged ions of the solution. The conductivity of solvent can be increased by 
additional substance such as water, providing extra free ions inside the solvent. 
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1.4.2.2 Solvent  
The solubility of the polymer and other component of the sol gel in the solvent is an important 
parameter and can affect the structure of the fiber. Usually a polymer with higher molecular 
weight or with high crystallinity will be less soluble. If phase separation occurs during 
electrospinning, island in the sea morphology can be created. Each fiber is then composed of 





 has been reported by using PVAc and Titanium isopropoxide in the sol gel. The fibril 




Viscosity is a key parameter, impacting of the fiber morphology. Fiber diameter is expected to 
increase with viscosity. The viscosity of a polymer depends on the entanglement of the 
polymer chains in the solution, so generally viscosity increases with molecular weight, which 
represents the length of polymer. If the viscosity is too low, beads appear along the fibers 
instead and the fibers are no longer straight. Another consequence may be electrospraying 
instead of electrospinning, particles will be created because of discontinuous jet flow.
51
 On the 
opposite, high viscosity prevents the solution from being pumped out of the syringe. The 
solution can dry up and block the spinning process. The drying of solution in the tip hinders 
the flow and modifies the flow rate, which in turn introduces huge variability in the diameter 
of the fibers. Besides it can also completely block the output of solution. The viscosity also 
changed according to the solvent and temperature. Control of the fiber diameter is therefore 
possible by changing the polymer, its molecular weight or its concentration. In the case of 
TiO2, diameter of the fiber can be easily tuned in the range 30-200 nm by changing the feed 




1.4.2.4 Volatility of solution 
 
During the spinning, the solvent evaporates before the jet reaches the collector and fibers are 
produced. But if the evaporation is not quick enough, all the solution does not solidify into 




1.4.2.5 Electrical field and flight time 
The electrical field is created by a potential difference between the tip of the needle and the 
collector. The jet speed increases when the voltage applied increases, thereby enhancing the 
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stretching during spinning and reducing the diameter of the fiber. The flight time, i.e. the time 
the nanofibers take to reach the collector, decreases with increasing voltages and increases 
with the tip to collector distance. The flight time should be long enough to allow the stretching 




1.4.2.6 Feed rate 
The diameter of the fiber increases to some extent with the feed rate. The feed rate should not 
be too important to let the solvent evaporate before the jet reaches the collector. Residual 






2. Experimental Procedure 
2.1. Characterization 
2.1.1. Thermal Analysis 
 
Differential Thermal Analysis (DTA) and Thermo Gravimetric Analysis (TGA) are 
techniques to characterize the thermal and mass changes of a material as a function of the 
temperature. In the DTA, the sample to be analyzed and a reference material are subjected to 
the same heating scheme, which is a constant heating ramp is most cases. Changes induced by 
the heating can induce exothermic or endothermic reaction, as well as mass variation of the 
sample. When the temperature of the sample is higher than the reference material, the sample 
is undergoing an exothermic reaction. When the sample is cooler than the reference material, 
an endothermic reaction is occurring. Any weight variations can be recorded by a balance in a 
TGA machine. A heat activated reaction is called first order reaction when heat exchange is 
occurring along with mass change. If the mass of the sample is not changing during heat 
exchange, the reaction is called a second order reaction. Many setups allow the simultaneous 
recording of DTA and TGA, with various temperature ramp rate and ambient gas atmosphere. 
DTA/TGA is a useful technique to analyze phase transition, glass transitions, crystallization, 
melting and sublimation. The simultaneous differential thermal and thermogravimetric 
analyzer (Simultaneous DTA-TGA, SDT-2960, TA Instruments)was used in the present study 
to determine phase formation and phase transformation temperatures.   
2.1.2. SEM 
 
SEM is an imaging technique of material surface, using interaction between electron and the 
specimen. The contrast of the SEM micrograph is correlated to the type of interaction, 
therefore reflecting some properties of the material scanned. The sample to analyze is 
bombarded with an electron beam and a captor monitor electrons coming from the sample. 
Depending on the type of electrons analyzed, SEM can be used in two different modes: 
Secondary Electron (SE) and Back Scattering Electron (BSE) image. BSE are incident 
electrons interacting with the material and escaping the specimen with low energy loss. SE are 
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electrons ejected because of the incoming electrons. Depending on the type of information 
wanted, the user can switch between the two modes. BSE mode is sensitive to the atomic 
number, image is brighter when the atomic number is increasing. SE mod possesses a better 
lateral spatial resolution and in SE the contrast comes from the topography of the specimen. 
Mode switching occurs by change of the detection mode. In BSE mode, a negative voltage at 
the entrance of the captor repulses all low energy SE but let BSE enter. In SE mod, the 
detector is placed in the optical axe so that BSE cannot reach it. 
The resolution of SEM depends on the probe diameter, which depends on many factors. The 
resolution increases with the voltage, decreases with the probe current, and decreases with the 
wavelength. To improve the image quality, the contrast or the resolution, the SEM operators 
can tune some variables. The focus in SEM allows modifying the working distance. The 
working distance is modified by changing the distance to the specimen and refocusing the 
incoming beam. With a long working distance the convergence angle decreases and the depth 
of focus increases. However the resolution decreases. The spot size function controls the 
strength of the condenser length. With demagnification of the condenser lens, the resolution as 
well as the depth of field increases. The acceleration voltage controls resolution and the 
brightness of the electron beam. But a higher voltage increases the volume interaction in the 
specimen and therefore decreases the lateral spatial resolution. Besides, the maximum voltage 
also depends on the type of specimen. A too high voltage can irreversibly alter the properties 
of some materials such as organic material. The astigmatism function allows correcting the 
astigmatism of the machine, which stems from electromagnetic lens not perfectly cylindrical. 
Astigmatism results in blurred imaged as the lens possesses two focusing planes with different 
strength. 
The maximum magnification possible with SEM is 50 000x and 100 000x for FE-SEM. 
Higher  magnification corresponds in fact to empty magnification, as no more information is 
brought by further zooming. SEM is a pratical tool to investigate the morphology of the 
nanostructure and to evaluate size distribution or thickness.  
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 In the present study, field emission scanning electron microscope (FE-SEM, JEOL JSM-
5600LV) was used to characterize morphology. 
2.1.3. TEM 
 
Transmission Electron Microscopy (TEM) is a microscopy technique based on interaction of 
high energy electron with matter, the picometer range of the electron wavelength allows very 
high resolution. As TEM works in transmission, the sample has to be ultrathin. TEM can be 
used in two main modes: imaging or diffracting mode. In the imaging mode the contrast of the 
image comes from the interaction of incoming electrons with the material, which creates 
mass-thickness contrast, diffraction contrast and phase contrast. Deflection in TEM roots from 
interactions of electrons with atoms  in the sample, a thick material with large atomic number 
atoms will deflect more incoming electron than a thin material with light element. The 
diffraction contrasts arises from the diffracting ability of the matter. If the orientation of a 
grain relative to the electron gun and to the observation direction happens to meet the Bragg 
condition, the incoming electron beam will be fully scattered. Diffraction contrast thereby 
comes from the different orientation of grain within the analyzed sample. The phase contrast 
is a complex phenomenon, however in many cases it is directly related to the atomic structure 
of material. The imaging mode can be further separated into the bright and dark field mode, 
and the high resolution mode. The bright field image comes from the undeflected electron by 
the sample. The dark field image in opposite only collects the diffracted element. The high 
resolution mainly comes from phase contrast feature. The different mode can be changed in 
TEM by adjusting apertures within the TEM apparatus Figure 8. Usage of the objective 
aperture allows TEM imaging (Figure 8.a), while the SAED aperture allows the diffraction 




Figure 8. TEM principle : (a) diffracting mode and (b) imaging mode. Both modes can be interchanged by 
adjusting the objective and SAED aperture. (c) Construction of the Ewald sphere, which is equivalent to the Bragg 
condition. 
Diffraction of electrons occurs in TEM when the incident beam of electron satisfies the Bragg 
condition of diffraction: 
             
With d the interplanar spacing (that is the distance between the diffracting planes formed by 
the atoms), 
θ the diffraction angle, n a integer, λ the wavelength of the electrons. 
This condition is visually equivalent to the construction of the Ewald sphere, with diameter 1/ 
λ, centered on the specimen. Bragg’s condition is satisfied whenever a reciprocal lattice point 
lies on the Ewald sphere (Figure 8.c). In TEM the angle θ is very small, meaning that 
diffraction comes from plane almost parallel to the electron beam. The electron beam 
direction is equivalent to the zone axis of the diffraction plane. The intensity of the spot in the 
diffraction image depends on the thickness of the sample and on the deviation from Bragg 
condition. The diffracting spot size is inversely proportional to the sample thickness, a thin 
sample will produce large diffraction spot. Because of the light distribution of a diffraction 
spot, even planes which slightly deviate from Bragg condition can create diffraction spots. 
Therefore spots appear with various intensities in the diffraction pattern. For this reason the 
precision of TEM is relatively low compared to other techniques. The diffraction pattern 
represents the reciprocal lattice of the sample, magnified by a parameter called the camera 
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constant (L λ). Each spot of the pattern represents a diffracting plane in the reciprocal plane 
with specific hkl coordinates and the distance            of each spot to the centre gives 
the interplanar spacing of that plane. From these considerations, it is possible to index the 
planes knowing the distance of the spot from the central spot and the relative angles between 
the different spots. 
Crystal structures of the various phases were analyzed by electron diffraction and high 
resolution transmission electron microscopy (HRTEM; JEOL JEM 3010).   
2.1.4. XRD 
 
X-Ray Diffraction (XRD) is a characterization technique based on the diffraction of X-ray by 
the sample to analyze. The scattering of X-ray is sensitive to the crystal structure, the grain 
size as well as the crystal orientation. Therefore the XRD recording of a sample acts as a 
unique footprint of a material. An unknown material can be identified by comparing its XRD 
spectrum to a database, information such as the lattice parameters or the space group can be 
obtained. In XRD the sample is bombarded with x-ray and the scattered x-ray are recorded, a 
detector is recording the intensity of re-emission in function of the diffraction angle around 
the sample. The detector counts the incoming x-ray photon in function of the diffraction 
angle. The diffraction angle depends on the atomic position in the crystal, as the regular 
disposition of atoms form a regular pattern acting as a Bragg network. Therefore the 
diffraction angle obeys the Bragg diffraction law: 
             
With d the interplanar spacing (the distance between the diffracting planes formed by the 





Figure 9. Bragg condition for an incident plane wave of wavelength λ, inclined at angle θ, illuminating a crystal 
structure with d spacing d. 
For any crystal structure the d spacing is function of the lattice parameter and of the hkl 
parameter defining the crystal orientation. So the atomic pattern within the crystal governs the 
possible diffraction angle. The intensity of the diffracted  beam depends on the nature of the 
atoms composing the crystal structure and their relative positioning within the lattice cell. X-
ray scattering is an elastic interaction with electrons and therefore depends on their number 
and positions around a given atom. All atoms diffract x-ray with various intensities, the 
atomic scattering factor f characterizes the ability for a given atom to diffract. Then depending 
on the position of an atom in a unit cell, the diffraction angle will be different. The diffracted 
beam intensity is proportional to the square of the modulus of the structure factor F, with F a 
parameter taking into account the diffractions by the various atoms in the unit cell: 
          
                
 
 
with hkl the miller indices of the diffracting plane 
un, vn, wn the relative coordinates of the n
th
 atom within the unit cell 
fn  the scattering factor of the n
th
 atom 
The two above relations allow identifying information such as the crystal structure, the lattice 
parameters, or the symmetry from a XRD recording. Besides, XRD also allows estimating the 
grain size or crystallite size from the width of the diffraction peaks. XRD recording is not 
composed of ideal Dirac peaks but rather of wide peaks, which width is proportional to the 
crystallite size. When the grains in the specimen are isotropic, one can apply the Scherer’s 
formula to calculate the grain size: 
  
      




with B the width at half maximum of a diffraction peak corresponding to the Bragg angle θB. 
It can be noticed that peaks broaden with smaller grain size. The x-ray diffraction (XRD) 
patterns were recorded by x-ray diffractometer (Philips, X’PERT MPD, CuK (λ = 0.154 nm) 
radiation). Lattice parameters were calculated using TOPAS software by fitting the observed 
XRD patterns to the respective crystal structure. 
2.1.5. XPS 
 
X-ray Photoelectron Spectroscopy is a non destructive surface characterization technique 
based on interaction of matter with x-ray photoelectron. XPS allows measuring the elemental 
composition, the chemical state and the electronic state of elements in the sample up to a 
depth of 10nm. Typical XPS uses MgKα x-ray(1254 eV) AlKα x-ray (1487 eV) as X-ray 
source. 
Upon absorption of an x-ray photon of frequency υ and energy h υ, an atom emits one of its 
core electron and with kinetic energy KE. The atom energy changes from its ground state 
E(A) to an excited state E*(A). Taking into account the work function Φ of the material the 
following formula arises from energy conservation principle: 
          Φ 
With BE = E*(A) - E(A), the binding energy of the electron. The BE depends on the element, 
its chemical and electronic state, hence the powerful characterizing ability of XPS. Besides, 
the binding energy of an electron to its atom depends on the surrounding environment. If an 
atom is oxidized the BE is increasing while it is decreasing for a reduced atom. Interaction 
nearby atoms such as in a chemical compound can also change the BE. A typical XPS 
recording is an x-ray photoelectron count in function of the BE, which can be calculated from 
the KE of the emitted electron since the energy h υ of the incoming photon is known. The KE 
energy is measured by an energy analyzer, a pass band system created by a double hemisphere 
structure with two different potentials. The user can set the pass energy by changing the 
potential difference and the sensitivity is proportional to the pass energy. 
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There are two modes in XPS, Constant Analyzer Energy mode (CAE) and Constant Retard 
Ratio (CRR) mode depending on how the KE of electron is measured. In CAE mode, the 
electrons are variably retarded before entering the energy analyzer, while the pass energy is 
constant and the sensitivity is kept constant for the whole measurement window.  In CRR, the 
retard ratio is set constant while the pass energy of the analyzer is changed to scan the whole 
measurement window. In this mode, as the pass energy change, the resolution changes over 
the measurement window. Therefore CAE is preferred in XPS when quantitative 
measurements are needed, which is possible in XPS as the peak intensities are directly 
proportional to the elemental concentration.  
XPS were recorded using VG Scientific ESCA MK II spectrometer with monochromatic Mg-
Kα radiation (1253.6 eV). 
2.1.6. BET 
 
BET is a technique to measure the surface area of sample from gas molecule adsorption. The 
name comes from the name of the three inventors: Brunauer, Emmett, and Teller. The surface 
area S of a sample is given by: 
   
     
  
 
 With    the quantity of monolayer adsorbed gas,  the Avogadro number,  the 
adsorption cross section of the adsorbed molecule,  the molar volume of the adsorbed gas, 
and                 of the adsorbed specie. 





   
   
 
  
   
   






   
 
With         the equilibrium and saturation pressure of adsorbates at the temperature of 
adsorption,   the quantity of adsorbed gas,   the BET constant 
As the characteristic shows a linear behavior, it is possible to calculate    from the slope and 
the y intercept value. 
BET surface area was measured by a surface area analyzer (Micromeritics Tristar 3000). 
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2.1.7. UV-Vis spectroscopy 
 
The UV vis spectroscopy consists in measuring the absorption, transmission or reflection of a 
sample at a given wavelength, in a wavelength region. Typical UV spectrometer can scan in 
the visible and near visible range (near Ultra Violet and near Infra Red).The sample can be a 
transparent solution or a transparent thin film.  
2.1.7.1. Beer Lambert 
 
For a solution, absorption   is related to the concentration of one specie by the Beer Lambert 
law: 
         
 
  
         
With   the transmitted intensity,    the incoming intensity,   the extinction coefficient of the 
specie in a specific solvent and at a specific temperature,  the concentration of the specie, 
and   the length of solution the light has to pass through. UV-Vis therefore allows measuring 
concentration provided the extinction coefficient is known. It permits for example 
quantification of dye loading from a DSSC. 
The UV-VIS-NIR spectrometer UV-3600 (Shimadzu, Japan) was used for measurements. 
2.1.7.2. Tauc Law 
 
Semi conductor typically shows an absorption window in the low wavelength region. The 
onset of the absorption edge depends on the band gap energy of the material. The value of the 
band gap    can be obtained by fitting the Tauc law. 
. 
                
With   the Planck constant,   the light frequency,   a parameter depending on the nature of 
the bandgap and is equal to ½ for an indirect band gap material. Such function is expected to 
display a linear portion on the high energy side for semi conductor. The fitted straight line 
intersects the abscissa line at      , thus providing an straightforward method to get the 
band gap value. 
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2.1.8. Conductivity  
2.1.8.1. Two or four point probe 
 
Conductivity measurement of a sample consists in circulating a current in the sample and 
measuring the voltage drop across the sample measured. The resistance is then given by the 
Ohm’s law. The measurement can be done in a two probes setup, where only one pair of 
connection is used. The pair is connected to a current supply as well as a voltmeter. For more 
accurate measurement, a four point probe setup can be used, where two pairs of probes are 
used. One is used to supply the current (force connection), while the other one is used to 
measure the voltage (sense connection). The improved accuracy comes from the absence of 
current circulating in the sense connection. Such current would lead in voltage drops in the 
wire itself, introducing uncertainty in the resistance of the sample measured.   
2.1.8.2. Single fiber/collection of fibers 
 
The sample can be a collection of fiber or a single fiber. In the case of collection of fibers, the 
current-voltage characteristic provides qualitative information about the sample but no 
quantitative information is provided, as the collection of fibers is mostly random in size and 
distribution. Single fiber measurement can give quantitative measurement such as the 
conductivity of the sample. If the resistance of a single fiber is measurement, its conductivity 
can be calculated from the resistance value and the dimension of the fiber. 
2.1.9. Profilometer 
 
A profilometer is an instrument to measure vertical profil of a sample. It is applied to measure 
directly the sample thickness and sample roughness, with resolution within the nanometer 
range. A profilometer works by contact. A diamond stylus is scanning the sample laterally 
while applying a specified contact force depending on the type of sample. Despite the contact, 
the contact force is set to measure the height without damaging the sample. The contact force 
should be high enough to measure accurately but small enough to avoid destructive 
interaction. Accuracy of the measurement can be set by the various parameters: scan speed, 
frequency of measurement, and contact force.  
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2.2. Kinetic studies 
2.2.1. Electrochemical Impedance Spectroscopy (EIS) 
 
EIS is a characterization technique for kinetic studies, in various devices including solar cells 
or batteries. The technique consists in exciting a device with a small sinusoidal voltage signal 
over a continuous bias potential. The corresponding current answer is recorded. As the current 
answer presents a phase shift with regard to the voltage input, the complex impedance of the 
device can be calculated at the frequency of the voltage excitation. The amplitude of the 
voltage excitation should be low enough to keep the system within local linearity limit. 
Besides, the cell should be kept at equilibrium before measurement. The complex impedance 
of a device can be calculated in a frequency range. As different processes occur with different 
time constants, each process will influence the impedance of the device only in a selected 
frequency range. Fast process will manifest in the high frequency range, while slow process 
will manifest in the low frequency range. Therefore, EIS allows separating phenomena with 
different time constants within a single non destructive experiment. Analysis of impedance is 
done by fitting the impedance spectra to an equivalent electric circuit. Information on the 
kinetic processes is then obtained from the nature and the values of the different elements 
composing the equivalent circuit. Usually impedance spectra are plot in Nyquist plot, which 
plot the complex part of the impedance z’’ in function of the real part of the impedance z’. 
The different circuit elements can be some basic electric component like resistance with 
constant real impedance, or a capacitance with a complex impedance of the type         . 
The resistance can come from electrolyte resistance or charge transfer resistance for example. 
Capacitance can root from double layer capacitance or coating capacitance. The theory of 
impedance spectroscopy also includes circuit element that are specific to EIS to model 
advanced processes. The Warburg element is used to fit diffusion processes. Its complex 
equation is                    , with R, T and P its three parameters. In the nyquist 
plot, the Warburg element features a 45° slope line. Advanced elements also include the 
Constant Phase Element (CPE) to model non ideal capacitive effect. In the Nyquist plot, a 
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CPE in parallel to a resistance shows a depressed semi cercle, which depression angle 
increases with decreasing CPE exponent value. 
Depending on the device studied, different equivalent circuits have been modeled and 
reported in the literature.  
2.2.2. Kinetic in DSSC 
2.2.2.1. Open Circuit Voltage Decay (OCVD) 
 
OCVD is a technique developed by Zaban et al. 
54
 to calculate the electron life time in a DSSC 
by analyzing the transient behavior of the cell photovoltage. In a typical measurement, the cell 
is illuminated under 1 sun until reaching an equilibrium state. Then the cell is put in the dark 
and the transient open circuit voltage is measured. The kinetic equation of charge 
recombination upon switching off the light source can be written as: 
  
  
       
With n the free electron density and U(n) the recombination rate of electron, which is 
dependent of the carrier density. The corresponding lifetime is given by: 
  






Knowing that the open circuit voltage is the difference between the quasi Fermi level under 
illumination    and in the dark    , and that the Fermi level can be expressed in function of 
the electron density , the following expression is obtained: 
     
         
 
  
   
 




With    the Boltzmann constant,   the temperature, and   the positive charge of an electron. 
Therefore the electron lifetime is given by: 
      
   
 
  





This expression allows computing the electron life in function of the open circuit voltage in a 
large voltage window, from a single direct measurement. Despite the large perturbation 





2.2.2.2. Transient Photo-Current Decay (TPCD) 
 
TPCD is another transient technique to measure electron life time. It consists in exciting the 
DSSC with a short light impulsion with a laser, while illuminating the cells with a constant 
light bias. Assuming the impulse intensity to be small enough to induce small perturbation of 
the electron density, the solution of the kinetic equation stated above is: 
        
 
 
   
With A a constant and    the electron lifetime 
The electron lifetime can be fitted from the decay of the photocurrent, which decays in a 
single exponential manner. The electron diffusion coefficient D in the metal oxide of the 
DSSC can be calculated as:
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 The diffusion coefficient can be measured at different equilibrium state by changing the bias 
DC light. 
2.2.3. Kinetic in LIB 
2.2.3.1. EIS, Warburg prefactor 
 
In LIB EIS, Li
+
 solid state diffusion in the active material manifests itself in the so called 
Warburg region, seen as straight line inclined at ~45° in the EIS spectra. This region holds 
information about the diffusion process and the lithium diffusion coefficient can be extracted. 




     
          
With w the radial frequency, j the imaginary number, and A a concentration independent 
coefficient. 
By solving Fick’s law, another expression of Zw
*












      
            
44 
 
With VM the molar volume, E the cell voltage, y the Li stoichiometry, F the Faraday constant, 
 the chemical diffusion coefficient, S the surface of the electrode. 















With Aw the Warburg prefactor obtained by linear fitting of the impedance in the Warburg 
region. 
 
2.2.3.2. Galvanostatic Intermittent Titration Technique (GITT) 
 
GITT allows calculating the Li chemical diffusion coefficient from transient voltage 
measurement. The cell is perturbated from an initial equilibrium state by charging or 
discharging at a constant current I0, for a time τ. The current flux then stops and the cell 
potential is allowed to relax to another equilibrium state. By solving Fick’s law, it is possible 





   
 
     
     
  
  
            
With VM the molar volume, y the Li stoichiometry, F the Faraday constant,  the chemical 
diffusion coefficient, S the surface of the electrode. 
Following assumption of small current perturbation, the diffusion coefficient can be extracted 





    




   
 
  
   
 
 
            
With ΔEs the total cell perturbation of the cell voltage E during the time τ, With mB 
         the active mass in the electrode, Vm is the molar volume of the compound, MB 




3. Synthesis and Characterization of Nb2O5 Nanofibers by Electrospinning 
3.1. Electrospinning 
The Nb2O5 nanofibers were prepared by combining the sol-gel chemistry and electrospinning 
technique using the reported procedure with modifications.
17,44
 The solution for 
electrospinning was prepared from polyvinylpyrrolidone (PVP; Mw = 1,300,000, Sigma-
Aldrich), ethanol, niobium ethoxide (99.95% trace metals basis, Sigma Aldrich), and acetic 
acid. Niobium ethoxide (0.5 g) and PVP (0.3 g) were added to a solution of ethanol (3.5 ml) 
and acetic acid (1 ml). The solution was stirred in an airtight bottle for 24 h to obtain a clear 
solution. The electrospinning of Nb2O5 was performed in a commercial electrospinning 





and at a flow rate in the range  of 0.5 -  2 ml/h. The solution was loaded in a plastic syringe, 
placed in the upper syringe holder of the NANON. The needle use was a 27 ½ G syringe, 
connected to the syringe but a connection tube and a metallic tip. This metal tip is a interface 
between the tube and the needle, it also helps to keep the needle in place in the holding block 
of the NANON machine. 
The composite fibers containing Nb
5+
 ions in PVP were collected on a rotating drum wrapped 
with an aluminum foil. The rotating drum allows collection of a large amount of fibers as the 
surface of collection is increased. The drum rotation speed was kept at a minimum speed of 50 
rpm to avoid any disturbance to the electrospinning. Up to 40 ml of solution could be 
electrospun within a single experiment. 
The surrounding humidity was controlled by an external dehumidifier, blowing hot and dry air 
at the air input entrance of the NANON on the top of the machine. The humidity, controlled 
by a humidity meter placed inside the NANON, could be kept around 50% 
 
3.2. Characterization 




Figure 10. SEM images of Nb2O5 nanofiber (a) before annealing, annealed for 1h at (b) 500 °C, (c) 800 °C, (d) 
900 °C,  (e) 800 °C, and (f) 1100 °C. Bar scale 1μm. 
Morphologies of the Nb2O5 nanofibers were examined by field emission scanning electron 
microscope (FE-SEM, JEOL JSM-5600LV). Figure 10.a shows SEM images displaying the 
morphologies of the as-spun and the annealed fibers. At 30kV and 2ml/h, the as-spun fibers 
were of average diameter ~310 nm. Each nanofibers maintained cross-sectional uniformity 
through out the length indicating a smooth injection of fine Nb2O5 solution dispersed in the 
polymer matrix during electrospinning. The diameter was found to depend on the 
electrospinning parameter: the voltage and the feed rate. For a fixed voltage of 20.5 kV, when 
the feed rate was changed from 0.5 to 2 ml/h, the annealed fibers diameter increased from 162 
nm to 180 nm. When the feed rate was fixed at 0.5 ml/h and the voltage was increased from 
18 to 30 kV, the diameter of the sintered fibers decreased from 165 to 142 nm. As expected, 
the diameter slightly increased with the feed rate and decreased with the applied voltage. The 
diameter were measured from SEM micrographs, the values provided corresponds to the mean 
diameter measured over more than 200 different fibers for a specific electrospinning 
condition. It is also possible to change the diameter of the fibers by changing the sol gel. 
Different concentration in polymer or metal precursor will effect on the size of the fibers. The 
flight distance of the fiber also impact on the diameter. Few attempts were made to electrospin 
with half the usual tip to collector distance, a 5 cm gap was used instead of a 10 cm gap. The 
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as spun fiber diameter was dramatically decreased to 100 nm (300 nm for the regular 
conditions). However no optimization was pursued and the fibers exhibited low uniformity 
and many beads. After optimization, it was found that at 30 kV, 2ml/h, at a distance of 10 cm 
the electrospinning was stable and constant. Therefore, all subsequent analysis is based on 
those conditions. 






































Figure 11. Diameter dependence on (a) feed rate with a constant voltage of 20 kV and diameter dependence on (b) 
the voltage with a constant feed rate of 0.5 ml/h. The vertical line represents the standard deviation in nm for each 
measurement. 
Fibers were heated at different temperature: 500, 800, 900, 1000, and 1100 °C for 1h, 
resulting in the formation of metal oxide fibers (Figure 10). Heating at 500 °C was done in a 
air oven (BRAND). Heating at 800, 900, 1000, 1100 °C was done in a carbolyte box furnace 
on the sample pre sintered at 500 °C. The ramp rate during heating and cooling were kept at 5 
°C
 
/mn. Presintering at 500 °C allowed detaching the fibers from the aluminum substrate, as 
composite fibers strongly adhere to the collecting Al foil. As the melting point of Al is ~660 
°C, this step was necessary before heating at temperature from 800 °C. Formation of Nb2O5 
nanofiber from sintering composite fibers should involve at least three processes: evaporation 
of the polymer (PVP), nucleation and growth of Nb2O5 nanocrystals, directional mass 
transport of Nb2O5 nanocrystals to form continuous nanofibers. The lowering of fiber diameter 
on sintering could be partially due to the PVP evaporation and partially due to mass transport. 
The samples heated at 500 °C and  800 °C (Figure 10.b and c) maintained the conventional 
electrospun fiber morphology with a diameter ~160 nm, nearly one-half of that of the as-spun 
fibers. At 800 °C (Figure 10.c), the surface was less smooth and let appear the grain 
composing the fibers, indicating a grain growth between 500 and 800 °C
 
. At 900 °C, the 
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grains were even more evident (Figure 10.e). Each fiber was composed of big grain stacked 
one on top of another.  The fibers heated at temperature above 1000 °C showed distortion, 
adopting a nugget like morphology with sharp facets (Figure 10.e). The nugget structure could 
be due to partial melting of the fibers at temperature above 1000 °C. Despite the strong 
deformation, the nuggets were interconnected, which roots from the initial fiber morphology. 
Above 1100 °C the temperature didn’t change (Figure 10.f).  
3.2.2. Thermal Analysis 
 
Decomposition of the composite fiber and crystallization behavior were studied by 
simultaneous differential thermal and thermogravimetric analyzer (Simultaneous DTA-TGA, 
SDT-2960, TA Instruments), with a heating rate of 10 °C/min, from room temperature to 1000 
°C (Figure 12). The thermal analysis results showed usual decomposition and phase formation 
behaviors. The polymeric fiber containing the niobium ions showed an endothermic peak in 
the DTA curve and a weight loss (~10%) in the TGA curve at ~47 °C. These events resulted 
from the liberation of surface adsorbed ethanol used during electrospinning. Although the 
bending instabilities during the electrospinning increase the jet path length enormously 
58
 
through which passage the solvent evaporates and the fibers solidify, a small amount of 
solvent is expected to adhere the surface.  The major exothermic peak at ~351 °C leading to a 
31% weight loss was observed due to the evaporation/ melting of the polymer. Crystallization 
of H-Nb2O5 phase and/or complete decomposition of polymer were observed at above ~453 
°C. A small endothermic peak was observed at 583 °C with no change in the weight of the 
sample, which is most likely due to the crystallization of the orthorhombic phase. No clear 
crystallization peak was observed for the monoclinic phase within the limits of the present 























































Figure 12.DTA/TGA analysis of Nb2O5 nanofibers, from room temperature to 1000 °C, with a heating rate of 10 
°C/mn. 
3.2.3. Crystal structure  
 
Crystal structures of the annealed Nb2O5 fibers were studied by x-ray and electron diffraction 
techniques. The x-ray diffraction (XRD) patterns were recorded by x-ray diffractometer 
(Philips, X’PERT MPD, CuKα radiation). Lattice parameters were calculated using TOPAS 
software by fitting the observed XRD patterns to the respective crystal structure. Figure 13.a 
shows the XRD patterns of the Nb2O5 nanofibers annealed at 500-1100 °C for 1 h. All the 
peaks in the XRD pattern of fibers annealed at 500 and 800 °C were indexed for the pseudo-
hexagonal phase (H-Nb2O5) and orthorhombic (O-Nb2O5) phases, respectively. The lattice 
parameters of H-Nb2O5 were a=3.600 Å, c=3.919 Å (space group: P6/mmm) and those of O-
Nb2O5 were a =6.144 Å, b=29.194 Å, c=3.940 Å (space group: Pbam). The sample heated at 
900 °C also had an orthorhombic structure and its lattice parameters were a = 6.175 Å, b = 
29.322 Å, and c = 3.940 Å.  
The 1000 °C and 1100 °C annealed samples showed monoclinic (M-Nb2O5) phase. The M-
Nb2O5 heated at 1100 °C showed a small shift in the peak positions as well as lowering of 
relative intensity of (105) plane compared to that in the 1000 °C heated sample (Figure 13.b). 
This shift could arise from incomplete phase formation or due to the presence of Nb 
interstitials. The lattice parameters for M-Nb2O5 fibers annealed at 1000 and 1100 °C were 
a=21.187 Å, b=3.833 Å, c=19.380 Å (space group: P12/m1) and a=21.172 Å, b=3.828 Å, 
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c=19.374 Å (space group: P12/m1), respectively. The Nb2O5 nanofibers were further annealed 
at 1100 °C for 11 h in air to study the effect of crystallinity and particle size, which is 
expected to increase with the sintering time, on the electrochemical cycling behavior. A 
Rietveld refinement plot of the fibers heated at 1100 °C for 11 h is shown in Fig.2c, the refine 
lattice parameters were: a = 21.163 Å, b= 3.824 Å, c= 19.355 Å. The lattice parameters of H-, 
O-, and M-Nb2O5 (1100 °C) calculated in this study are in good agreement with the reported 
values.
13
 The average crystallite size (Lorentzian) obtained from the TOPAS software for H-
Nb2O5, O-Nb2O5(800 °C), M-Nb2O5 (1000 °C, 1h), M-Nb2O5 (1100 °C, 1h), M-Nb2O5 (1100 
°C, 11h) are 20, 42, 53, and 160 nm, respectively. Crystal parameters are summarized in Table 
1. 




P6/mmm 500 3.600 3.600 3.919 20 
Orthorhombic 
O-Nb2O5 
Pbam 800 6.144 29.194 3.940 42 
900 6.175 29.322 3.940  
Monoclinic 
M-Nb2O5 
P12/m1 1000 21.187 3.833 19.380  
1100 21.172 3.828 19.374 53 
1100 (11h) 21.163 3.824 19.355 160 
 
Table 1. Lattice parameters of the electrospun Nb2O5 polymorphs; the angle for the monoclinic phase was β= 
119.92°. 
 
Crystal structures of the various phases were further confirmed by electron diffraction and 
high resolution transmission electron microscopy (HRTEM; JEOL JEM 3010). Samples for 
HRTEM were prepared by ultrasonically dispersing the annealed nanofibers in ethanol and 
allowing a drop of this suspension to dry on a carbon coated copper grid. Figure 14(c, f, i) 
show the selected area electron diffraction (SAED) patterns of the H-, O-, M-Nb2O5, 
respectively and Figure 14 (b, e, h) are the corresponding high resolution lattice images. All 
these phases gave spotty patterns characteristics of single crystals; however, the sharpness of 
the spot increased in the order H-Nb2O5, O-Nb2O5, and M-Nb2O5 due to their respective 
higher processing temperatures. This enhanced crystallinity was well reflected in the extended 
periodicity observed in the lattice images. Sharp grain boundaries were observed for O-Nb2O5 
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and M-Nb2O5 whereas no clear boundaries were observed for H-Nb2O5. The particle sizes 
calculated from the lattice images were similar to that determined from the XRD patterns. The 
SAED patterns of H-Nb2O5 was indexed and the lattice parameters calculated from them 
matched well with those calculated from the XRD patterns.   

















































Figure 13. (a) XRD pattern of Nb2O5 nanofibers sintered in the range 500 °C – 1100 °C for 1h; (b) a magnified 
XRD pattern of M-Nb2O5 sintered at 1000 °C and 1100 °C showing peaks shift. 
3.2.4. Surface Characterization  
 
Surface properties of the fibers were studied using TEM, XPS, and BET surface area 
measurements. Figure 14 (a, d, g) show the bright field TEM image of H-, O-, and M-Nb2O5 
phases, respectively. As observed in the SEM pictures, M-Nb2O5 phase had the shape of 
distorted nuggets while the H-Nb2O5 maintained the usual electrospun fiber morphology. 
Single crystalline nature of the M-Nb2O5 was evident from the uniformity in the gray level of 
its TEM pictures, while H- Nb2O5 exhibited a polycrystalline nature as seen from the contrast 
variation from one grain to another. 
BET surface areas were 55, 8, and 1.3 m
2
/g for H-, O-, and M-Nb2O5,   respectively. 
Experimental densities of O- and M-Nb2O5 powder were 3.963 g/cm
3








Figure 14. Bright field TEM, High Resolution TEM, and SAED patterns of (a,b,c) H-Nb2O5, (d,e,f) O-Nb2O5 and 
(g,h,i) M-Nb2O5. 




































































Valence states of the surface ions of the Nb2O5 polymorphs was studied by XPS, which is 
extensively used in the surface characterization of materials.
59,60
 X-ray photoelectron spectra 
(XPS) of the Nb2O5 nanofibers were obtained using a VG Scientific ESCA MK II 
spectrometer with monochromatic Mg-Kα radiation (1253.6 eV). The survey spectra were 
recorded in the range 0-1099 eV with constant–pass energy of 50 eV; the high resolution 
spectra were recorded with smaller constant pass energy of 20 eV. Charge referencing was 
carried out against adventitious carbon C, assuming its binding energy at 284.6 eV. Analysis 
of the XPS spectra was done using XPS Peak-fit software. A Shirley-type background was 
subtracted from the recorded spectra and curve fitting was carried out with a Gaussian-
Lorentzian (ratio 60:40) curve. The derived binding energies (BE) have accuracy better than ± 
0.1 eV. The core level XPS spectra of H-Nb2O5 and M-Nb2O5 are shown in Figure 15. The 
Nb-3d level binding energies (BE) of H-Nb2O5 (500 °C) were 209.26 eV and 206.51 eV, 
which are assigned to Nd3d3/2 and Nd3d5/2 core levels of Nb
5+
, respectively. The O1s level BE 
of oxygen were 529.43 eV and 531.83 eV, which are assigned to the oxygen (O 
2-
) anion in 
Nb-oxides and surface oxygen, respectively. The BE of Nd3d3/2, Nd3d 5/2 and O1s in M-Nb2O5 
(sintered at 1100 °C for 1h) were 209.64, 206.90, 529.88, and 531.06 eV, respectively. The 
BEs of Nb
5+
-ions are in close agreement with reported values.
60
 Slight differences in the BEs 
of Nb core levels were observed among the difference crystal structures, which were thought 




Conductivity of a collection of fibers has been measured on a potentiostat system (Autolab 
PGSTAT30, Eco Chemie B.V., The Netherlands). Fibers were deposited on a two points 
probe measurement device, which consists in two gold electrodes separated by a gap (Figure 
16.a). The fibers were deposited by droping an ethanol solution with H-Nb2O5 fibers 
ultrasonically dispersed. The deposition of fibers was random in fiber number and size 
distribution. However, such measurement allows identifying the nature of the material. The 
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current response of the fibers was recorded in function of the applied voltage, in the range -3 
to 3 V and with a scan rate of 0.01 V (Figure 16.b). Here the current voltage characteristic is 
typical of n-type semiconductor. 
(a) (b) 
 



















step potential 0.01007 V
scan rate 0.10051 V/s
 
Figure 16. 2 point probe measurement of a collection of fibers (a) setup showing a random collection of fibers 
between two gold electrode, (b) corresponding IV graph typical of n-type semi-conductor. 
To get quantitative information on the conductivity, single fiber measurement was done with a 
four points probe measurement set up, with the help of Dr. Hao Yufeng in his laboratory. A 
single fiber with the H phase was measured. Figure 17.a shows the fiber with the four probes 
deposited on the fibers. To obtain such configuration, fibers were dispersed on a silicon 
substrate. After identifying a suitable single fiber on the substrate, a PMMA film was 
deposited by spin coating. The polymer was selectively etched at the position of the gold 
electrode, which were deposited in a gold sputtering machine. Then, the remaining polymer 
was removed, leaving the four gold electrodes.  The measurement yielded a resistance of 4.4 
GOhms at a current of 0.13 nA (Figure 17.b). Knowing that the diameter of the fiber is 150 



































Figure 17. 4 point probes measurement of a collection of fibers (a) setup showing the two sense probes and the two 
force probes connected to a single fiber, and (b)corresponding Resistance vs. Intensity graph. 
3.2.6. Band gap measurement 
 
UV spectrograms of the three polymorphs were recorded with a UV VIS NIR 
spectrophotometer (UV-3600, SHIMADZU, Japan). The UV spectrograms were measured on 
thin film fiber. Ultrasonically dispersed fibers in ethanol were dropped on a transparent glass. 
After drying, a transparent film made of fibers was obtained and the film was then used 
directly for measurement. The absorbance spectra showed typical spectra of semi conductor, 
which acts as energy high pass (Figure 18). Photons with enough energy, i.e. which have a 
low enough wavelength, can be absorbed and the onset wavelength depends on the band gap 
of the material. 
 













































Figure 18. Absorbance spectrum of (a) H-Nb2O5, (b) O-Nb2O5, and (c) M-Nb2O5 
The tauc law was fitted to each of these spectra. As Nb2O5 has been reported to be an indirect 
band gap semi conductor
61
, the n parameter of the Tauc law is equal to ½ and the Tauc 
equation is                    In the high energy region, the function shows a straight 
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light. By fitting this linear region, the band gap value of the semi conductor can be obtained 
from the x-intercept of the fitted linear function. The bandgap energies of H-Nb2O5, O-Nb2O5, 
and M-Nb2O5 were calculated to be respectively 3.67, 3.51, and 3.70 eV. The band gap of H 
and M were found to be almost similar, while the O phase had a lower bandgap value.  


























































4. Fabrication of Dye Sensitized Solar Cell using Nb2O5 nanofibers 
 
The different forms of Nb2O5 were characterized and their intrinsic properties were analyzed. 
In this section, their device application in DSSC is studied. Few reports are available about the 
application of Nb2O5 in DSSC.  
Guo et al.
4
 made a 6 μm thickness film made of particle in the range 20-100 nm, by dip 
coating an ethanolic solution of NbCl5, acetic acid and water. The film was annealed at 
temperature up to 600 °C, showing hexagonal phase. A 0.2 cm² had efficiency of 2.2% under 
non standard illumination of 0.9 sun with Jsc, Voc, and FF of 7 mA/cm², 0.61 V, and 44%, 
respectively. The BET of the film was 25 m²/g. 
Sayama et al.
3
 prepared electrode by doctor blading Nb2O5 powder, obtained from Nb(OH)5 
sintered at 700 °C. After sintering at 500 °C, the electrode was composed of  100-200 nm 
particles. An mixture of ethanol and Nb(OC2H5)5 was deposited on top of the cell followed by 
sintering at 500 °C, to improve surface roughness and dye loading.  With a thickness of 8 μm, 
efficiency was 2% under standard illumination conditions with Jsc, Voc, and FF of 4.9 mA/cm², 
0.63 V, and 66%, respectively. 
Wei et al. 
28
studied the application of Nb2O5 nanobelts, with cross section of 15x60 nm². The 
nanobelts were synthesized by autoclaving a mixture of Nb metal and urea at 170-200 °C, 
followed by an annealing step at 500 °C. The nanobelts had orthorhombic structure. With a 
thickness of 8-10 μm deposited by screen printing, efficiency was 1.42% with Jsc, Voc, and FF 
of 3.93 mA/cm², 0.58 V, and 62.1%, respectively. The electrode surface was 0.5x0.5 cm². 
Lenzmann 
62
 prepared some needle like morphology of diameter ~20 μm with BET of 55 m²/g 
by autoclaving Nb2O5 alkhoxide in ethanol, water, and DBV at 230 °C. Electrodes were made 
by tape casting a water based paste including hydroxypropyl cellulose. After annealing at 500 
°C, a 15 μm thick film had efficiency of 4% under standard illumination condition with Jsc, 
Voc, and FF of 9.7 mA/cm², 0.595 V, and 69%, respectively. The cell area was 0.5 cm². 
Aegerter et al. 
63
 obtained 15 μm thick film by spin coating hydrolyzed ethanolic niobia 
solutions submitted to an ultrasonic treatment and then boiled under reflux. The sol included 
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polymeric ligant and carbon soot to increase porosity upon sintering, resulting in BET of 45 
m²/g and dye loading of 8.8 10
-8
 mol/cm². After sintering at ~530 °C, the structure was 
hexagonal. For a 4 cm² cell (illuminated on a 1 cm² spot), efficiency was 4% under standard 




The photoanodes were created using different methods, viz. (i) the Nb2O5 nanostructures were 
deposited directly on the FTO by electrospinning and subsequent annealing and (ii)  the 
Nb2O5 nanofibers were developed first  and later deposited onto FTO using doctor blade or 











4.1.1. Direct spinnning 
 
 
Figure 21. Direct electrospinning of composite fibers on FTO glasses heated by a hot plate. 
 
The fibers were directly electrospun on the conducting FTO glass. The FTO glass was placed 
on the grounded metallic collector of the electrospinning setup and the composite fibers were 
directly deposited on the FTO. The deposition time was optimized to obtain a suitable 
thickness. Four FTO were set on a line and the spinneret was set to move laterally on a 
distance of 150 mm and at a speed of 10 mm/s. The electrospinning time was around 20 mn at 
30 kV voltage and 2 ml/h feed rate, which was enough to deposit around 10 to 15 mg of 
composite fiber on the FTO with a total thickness ~20 μm. Any longer deposition time 
resulted in fiber peeling off the FTO substrate during deposition or during sintering because of 
the shrinking of the fibers. Dimension reduction came mainly from evaporation of the PVP 
polymer. If the shrinking strength overcomes the adhesion strength, the fibers peel off the 
FTO substrate. To prevent that, a few solutions were adopted:  
(1) Before electrospinning, a thin sol gel layer was deposited on the FTO. The layer was made 
by spin coating a few drop of sol gel solution, the same solution used for electrospinning. The 
spin coated layer improved the adhesion between the transparent glass and the fibers. Typical 
spin coating conditions were: adding 3 drops of sol gel, spin coating at 1500 rpm for 30 s with 
an acceleration coefficient of 10 (model WS-400B-6NPP/LITE). The thickness of the layer 
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can be changed by changing the ingredient of the sol gel solution or by spin coating several 
times. To prevent any unnecessary high resistance of the photovoltaic device, area where the 
measurement electrode will be clipped were masked during spin coating.  
(2) During electrospinning, the FTO substrate was heated to partially melt the incoming fiber 
and to improve the adhesion of fibers to the FTO. A hot plate at temperature 200 °C was used 
as the ground collector to heat the FTO.  
(3) After fiber deposition, the FTO and the fibers can be hot pressed together to further 
improve the adhesion. Elevated temperature partially melted the fibers and the coating layer 
while the pressure increased the packing density and the contact between the fibers and the 
FTO glass. A hot pressing machine (Hotronix, Stahls) was used at 220 °C, for 999 s and with 
a pressure coefficient of 9 (arbitrary unit from the machine). Despite of this relatively higher  
temperature and pressure, the fibers keep their morphology after sintering. 
The fibers were electrospun with a 30 kV voltage and a feed rate of 2ml/h. The fibers on the 
FTO were then sintered in an air oven at 500 °C to allow crystal formation. The sintering time 
was kept at 1h, with heating and cooling ramp rate of 5 °C/mn. It should be long enough to 
synthesize the desired crystal structure, but short enough not to degrade the conducting 
fluorine coating of the FTO glass. Above 500 °C, the resistance of the FTO was found to 
increase drastically with the sintering time and temperature. Therefore, there is a compromise 
between the crystallinity of the metal oxide fibers and the series resistance of the FTO. 
After sintering, the whole FTO were covered with fibers (Figure 26.a). All fibers were 
removed except for a circular 0.28 cm² surface by scratching the fibers with a sharp scalpel. 
SEM of the surface of the electrode showed surface cracks that could not be seen by the naked 
eye (Figure 22.a). These come from the shrinking upon sintering. SEM of the cross section 
Figure 22.b shows the nanofibers with long aspect ratio and parallel to the substrate. The cross 
section of the electrode was taken by cutting the photo anode by a glass cutter, on the side 
opposite of the side supporting the metal oxide. As the fibers have long aspect ratio, the cross 




Figure 22. SEM of (a) surface of electrode by direct electrospinning showing surface cracks  and (b) cross section 
of the electrode showing the continuous nanofibers, with respective magnification of 100× and 5000×. 
The advantages of this technique are: 
- the fibers keep their whole structure and length, as the fibers are directly sintered on the FTO 
plate. 
-only one step sintering is necessary 
The drawbacks are: 
 - the crystallinity of the fibers is compromised because of the limited sintering time to protect 
the FTO glass conductivity 
- the thickness of the metal oxide layer on the FTO plate is limited by adhesion issues. Cells 
with thickness more than 20 μm are easily prone to peeling. 
- the fibers are parallel to the substrate but the shortest route to the substrate is a direction 
normal to the substrate. This may prevent effective electron collection. 
 - only the pseudo-hexagonal phase can be tested in such preparation method because the 
phase formation occurs on top of the FTO, which cannot endure temperature higher than 500 
°C. Therefore any other crystal phases cannot be synthesized. 
-electrospinning tends to be non uniform and some region may be thicker than other place, 
resulting in thickness variation which would result in the variation of photovoltaic parameters. 




4.1.2. Spray deposition 
 
 
Figure 23 Spray deposition setup showing a spray gun depositing a suspension of nanorods on masked FTOs. The 
FTO are heated by a hotplate to ease solvent evaporation.  
Spray deposition consists in spraying a suspension of dispersed nanostructures in solvent. 
Spraying can be done by air injection. Air sprayer device are typically used to spray paint 
uniformly and on a large surface area. Uniformity is crucial for device performance, while the 
large spray area may allow producing large DSSC. The suspension of metal oxide was done 
by dispersing 0.1 g of nanostructure in a mix of 20 ml of ethanol and 20 ml of methanol in a 
sonicating bath. The solution was sonicated for a few hours to break any aggregation in the 
solution. Such aggregate prevents from uniform spraying and may even block the spraying 
device. The spray gun (Spray Work HG Single Airbrush, Tamiya Airbrush System, Japan) 
was connected to constant air supply. Before spraying, each FTO was duly spin coated and 
cover with a 0.28cm
2 
mask. The gun was held at a distance ~15 cm above the masked FTO. 
The hand gun was slightly inclined at ~30° angle to the normal of the substrate. A hot plate 
was placed under the FTO substrate to help solvent evaporation during spraying. Each cell 
was sprayed for a few seconds and was then allowed to dry for a few seconds before spraying 
again. On average, 4 ml of solution was sprayed on each cell. Those conditions were 
optimized in attempt to get uniform coating. The cells were then hot pressed and sintered in 
air at 500 °C for 1 h, with heating and cooling rate of 5 °C/min.  
The advantages of this technique are: 
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-simple and  scalable 
The drawbacks are: 
-in the current experimental setup the spray gun is a hand held device, inducing large variation 
in cell thickness. 
-the suspension of nanostructures in the solution tends to precipitate in the solvent. Therefore, 
the concentration of the spray is not constant. If large precipitation occurs, the spray gun can 
eventually be blocked. 
-if the spraying conditions deviate from the optimized condition, spraying could be 
ineffective. If the spray gun is too close to the substrate, the spray may blow away the 
previously deposited nanostructure. This is especially true if the solvent does not have time to 
evaporate, the deposited nanostructure can be easily remove if the incoming flow of liquid and 
air is too strong. The spraying angle was also found to be important. If the spray gun is held at 
a high angle to the normal to the substrate, the flow is more likely to blow away the previous 
deposition. Spraying normal to the substrate would be optimal but the current device could not 
be operated at such angle. ~30° to the normal was found to be a good compromise.  
 
4.1.3. Doctor Blade Technique 
The doctor blade technique consists in depositing a viscous paste with a sharp plane element. 
The paste is a suspension of ground fibers in solvent and/or polymer. Proper mask allows 
depositing the paste only where it is required. The end result highly depends on the paste and 
its properties such as viscosity or volatility, hence the importance of the paste quality. The 
paste can be done by simply dispersing the fibers in a solvent like acetic acid or ethanol. The 
fibers can be dispersed in the solvent in a sonicating bath, which effectively unbundles the 
fibers without compromising too much the aspect ratio. The cell can be used as such after 
solvent evaporation in air. However, the adhesion of the fibers to the FTO was found to be 
poor. A spin coated layer can be used to improve the adhesion. After paste deposition, the cell 
was then hot pressed and sintered at 500 °C for 1h. This kind of paste is very simple but 
suffers from major drawbacks. Most solvents are highly volatile and evaporate quickly from 
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the paste. The paste viscosity changes quickly and the paste deposition becomes random. 
Properties like cell thickness or packing density of the wires are difficult to control. 
 
Figure 24. doctor blade techniques of different pastes to deposit Nb2O5 nanorods on FTO. 
To solve this issue, polymer can be added to the paste to maintain the viscosity during the 
doctor blade process. The deposited paste has then to be sintered to remove the polymer. 
Removal of polymer in between rods increases the porosity of the metal oxide network and 
provides higher surface area for dye anchoring. But it may as well degrade the percolation 
between the rods. Quality of the paste depends on the polymer used. Polymer like Poly 
Ethylene Glycol can effectively bind to the surface of metal oxide via carboxyl group, which 
allows creating a homogeneous paste.  Mainly two paste formulas have been tested. 
4.1.3.1. Ethylene Glycol (EG) + Poly Ethylene Oxide (PEO) + Acetic Acid 
EG have carboxyl group to bind to the surface of metal oxide, providing a suitable paste for 
doctor blading. The paste was prepared by ultrasonically dispersing 0.05 g of Nb2O5 
nanostructure in 0.5ml of acetic acid, a solvent which effectively unbundle fibers without the 
need of mechanical grinding. The solution was sonicated for 1h. Sonicating time has been 
reported to have few effect for time above 1h.
64
 30 mg of EG and 0.1g of PEO was added to 
the solution. The solution was then sonicated for more than 10 hours to dissolve the polymer 
and to obtain a homogeneous paste. The paste was then bladed on spin coated FTO (same 
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procedure as explained above). The mask for doctor blading was a piece of adhesive tape 
(Magic Scotch tape), with a thickness of 50 μm. The paste was found to have very good 
viscosity and was well suitable to the doctor blade technique. The resulting coated FTO were 
sintered in air at 500 °C for 1h to remove the polymer and to sinter the spin coated layer. After 
sintering, thickness of the sample was measured by profilometer. In the case of M-Nb2O5, the 
average thickness was ~5 um and the surface was rough, probably due to large evaporation of 
polymer. If a double layer of mask was used, a thickness of ~8 μm could be reached. The 
same formula paste was used with double the concentration of M-Nb2O5 nanonuggets. The 
resulting cells had a thickness ~8 μm. The metal oxide film was also to be more uniform. 
Similar concentration gave average cell thickness of ~12 μm and ~11 μm for H and O-Nb2O5. 
4.1.3.2. Petchini glue 
An ionic liquid developed by Dr Sree has also been tested to make paste for doctor blading. 
The paste was a 24:1:6 molar mixture of Ethylene Glycol, Titanium isopropoxide (99.999%, 
Sigma-Aldrich, 377996), and citric acid (≥99.5%, Sigma Aldrich, 251275). 
The ionic liquid was used as such to disperse Nb2O5 nanostructures in sonicating bath. In the 
case of TiO2 based paste, 0.05 g of TiO2 nanofibers were dispersed in 100 μl to get a suitable 
paste. However, in the case of Nb2O5, such formula lead to liquidic paste, which were 
unsuitable for proper blading. Optimization of the paste concentration was carried out to 
obtain a viscous enough paste. It was found that 0.2 g of nanostructures dispersed in 500 μl 
gave the best results, in term of paste properties and consistency in device efficiency. 
However the paste was still liquidic and the paste had to be doctor bladed many times to get 
uniform coating. To improve the paste formula, a similar ionic liquid was synthesis from 
niobium pentoxide (99.99%, Sigma-Aldrich, 203920),  instead of the titanium isopropoxide. 
The recipe was as follow: 
-heat 7.45 g of Ethylene Glycol at 70 °C in ethanol 
-add 1.59 g of Niobium Pentoxide while stirring 
-increase the temperature to 100 °C 
-add 5.76g of citric acid 
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-keep for 5h to get a clear liquid polymer 
This ionic liquid was found to improve the viscosity of the paste, which was more suitable for 
doctor blading, the paste needed to be doctor bladed only once to get a smooth and uniform 
coating. Similar optimization trial lead to the conclusion that 0.1 g of nanostructure dispersed 
in 83 μl gave the best results. The optimized paste solution gave average cell thickness of 30, 
27 and 23 μm for H, O and M-Nb2O5, respectively. Figure 25 a and b show a cross section 
SEM of a H and M-Nb2O5 electrode, respectively. As the doctor blading step was easier due to 
the paste quality, consistency in the cell thickness was better compared to the previous ionic 
liquid made from Titanium isopropoxide. Therefore, for the following cell making, only the 
paste from niobium pentoxide was used. 
The advantages of the doctor blade technique are: 
-the economy of active material, as little paste is waste during doctor blading.  
-the fibers are reduced to nanowires. After the doctor blading, the wires have random 
orientation, which may improve electron transport compared to the system with fibers parallel 
to the substrate. 
-the fibers can undergo various treatments before being applied in the paste. Cell testing is not 
limited to the pseudo-hexagonal phase like in the direct electrospinning technique. Structures 
with different structures, sintered at higher temperature before being dispersed in the paste can 
be used in paste.  
-the cell thickness is easier to control as it depends mainly on the properties of the paste used. 
Careful selection of polymer, solvent and concentration of the different components allows a 
good control of the cell thickness. 
The drawbacks of the technique are: 
-doctor blading is a hand technique, variability in thickness or homogeneity of the depositions 
may be found. Despite exact experimental condition, variation of cell thickness around 30% 
can be found. 
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-ultrasonic bath reduces the long aspect ratio of the fibers to nanowires. 
 
Figure 25. cross section SEM of (a)H-Nb2O5  based cell and (b) M-Nb2O5  based electrode by doctor blade 
technique, with magnification of 5000 ×. 
4.2. Characterization 
4.2.1. IV testing 
4.2.1.1. Photovoltaic parameters 
The main parameters of a solar cell can be obtained by photoelectric current measurement, i.e. 
the intensity versus biased potential of a cell under standard illumination. These conditions 
require testing at room temperature of 25 °C, with an incident radiation of 1000W/m², with a 
spectral power distribution characterized as AM 1.5G. Cell parameters that can be derived are 
the open circuit voltage Voc, the short circuit current density Jsc, the fill factor FF and the 
efficiency η. Jsc, the current density per area of metal oxide measured when the voltage is null, 
mainly depends on the amount of dye anchored on the metal oxide, the anchoring mode and 
the molecular structure of the dye. 
43
  
The Voc, the voltage of the cell when the current is null, is related to the energy gap between 
the Fermi level of the metal oxide and the redox potential of the electrolyte. It also depends on 
the recombination rate, on the sensitizer and its adsorption mode. The latter can induce a 
decrease in the conduction band energy of the metal oxide, hence a decrease in Voc.
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The fill factor is defined as:    
          
        
  
It is the ratio of the maximum power output to the product of Jsc and Voc. Visually the fill 
factor is related to the shape of the IV curve. A perfect square shape corresponds to a 100% 
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fill factor, while a low FF corresponds to a highly depressed curve. The fill factor depends on 
recombination processes and on the various resistances within the system such as the FTO 
resistance. From the three previous parameters, the efficiency of the cell can be calculated as: 
  
            
   
 with PIN the incident radiation power. 
4.2.1.2. Test procedure 
For comparison, two different dyes were tested: N3 and N719 dye (solaronix). Before 
introducing cells in the dye, electrodes were placed on hot plate at temperature above 100 °C 
for at least an hour to remove moisture from the metal oxide. After cooling down, the cells 
were placed in dye solution for 24h. Dye solutions were prepared by dispersing dye powder in 
a 1:1 volume mixture of acetonitrile and tertbutanol. The dye solution was sonicated for 30mn 
before the 1
st
 usage. The dye concentration was 0.5 mM. Cells were taken from the dye 
solution, washed in ethanol and dried in a vacuum desiccators for one hour. This would 
prevent excessive contamination by water during the drying process, as water is known to 
provoke dye desorption from the metal oxide.  
 
Figure 26 (a) Electrode after direct electrospinning and sintering showing the FTO fully covered with a thin layer 
of Nb2O5 fibers, (b) different elements of the final DSSC including the photoanode, the spacer and the Pt counter 
electrode,(c) fully assembled DSSC by clipping ready for testing 
The separator between the two electrodes was a U shaped piece of parafilm, with a thickness 
of 50 μm. The separator was pressed between the photo anode and the counter electrode with 
two paper clips. The later was a FTO plate sputtered with platinum in a coater (JFC-1600 auto 
fine coater, JEOL), for 240 s and at a current of 20 mA. The electrolyte was acetonitrile 
containing 0.1 M lithium iodide, 0.03 M iodine, 0.5 M 4-tert-butylpyridine, and 0.6 M 1-
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propyl 2,3-dimethyl imidazolium iodide.  Here the electrolyte was introduced from the top of 
the cell and the electrolyte was not sealed. For the duration of a few IV testing, it was enough 
and the electrolyte did not have time to evaporate. For longer testing, the electrolyte was 
sealed in a square shaped piece of parafilm.  
For even longer testing like EIS, the cells were completely sealed by a technique created for 
the occasion. A piece of parafilm was used as the spacer, carved with a ~7 mm circle and two 
linear drains from the extremities of the circle (Figure 27.a). The spacer was placed on top of 
the photoanode, with the 0.28 cm
2
 deposit of metal oxide inside the ~7 mm circle inside the 
spacer. After putting the sputtered FTO on top, the cell was hot pressed to partially melt the 
spacer and hold the different part together. The cell was pressed in the hot press machine 
mentioned earlier, with a pressure coefficient of 3, for 6 s, at a temperature of 80 °C. These 
conditions were optimized to melt the parafilm enough without shape deformation. Less time 
or lower temperature would not be enough to melt the parafilm and seal effectively the cell. 
Higher time or temperature would deform the parafilm: the spacer thickness would be 
random, the drains and the electrolyte reserve around the metal oxide would close. After 
pressing, the electrolyte was filled from one of the drain. The electrolyte would fill the entire 
cavity created by the space through capillary force. The other drain was used as air exit. The 
cell was then sealed at both drain ends by epoxy glue (Figure 27.b). This new sealing 
technique was found to be simple, it didn’t require hole drilling in one of the FTO as 
commonly found in reported cell sealing techniques. The technique was fast and only required 
a few minutes for the epoxy glue to dry. Besides, the heating time and temperature are low 
compared to reported sealing techniques. Commercial spacers for DSSC have higher melting 




Figure 27 (a) cell before sealing and (b) after hotpressing, electrolyte filling and sealing of the drains. 
The photovoltaic parameters were determined using a Thermo-Oriel 100 mW cm
−2
 xenon 
lamp (Thermo Oriel Xenon Lamp 150 W: Model 66902) with internal filter to reproduce AM 
1.5G condition. Later, a similar solar simulator was purchased and used (XES-151 S, SANEI, 
Japan).  
Dye loading was measured by UV-spectroscopy. The dye was desorbed from the cells with a 
NaOH solution. The solution was prepared by dissolving 2 g of NaOH (40g/mol), in 100 ml 
of a 1:1 volume mixture of ethanol and DI water. The dye could be easily washed off the 
electrode with a few drop of that solution. A volume of solution V equal to 1 ml was used to 
desorb the dye. The absorbance of the suspension of dye solution was measured in the UV 
VIS NIR spectrometer (UV-3600, shimadzu, Japan). The corresponding concentration was 
then calculated with the Beer-Lambert law. The width L of the cuvette used was 1mm and the 
extinction coefficient of the dye at the peak absorption wavelength was taken as εmax = 11400 
ml/mol/m. The dye loading DL normalized to the electrode surface S in mol/cm
2 
was 
calculated with the following formula from the peak absorption Amax (Figure 28): 
   
     





























Figure 28. Absorbance of desorbed dye in a NaOH solution showing a peak absorbance ~512 nm. 
 
4.2.2. Results and discussion 
4.2.2.1. Direct electrospinning 
Electrode made from fibers directly electrospun on the FTO were tested with two different 
dyes. Electrode thickness was ~20 μm, measured from the cross section of the electrode 
(Figure 22.b). Cells tested with N3 dye, gave average efficiency ~1.5%, with Voc ~ 0.77 V, Isc 
~ 3.1 mA/cm², and FF ~ 62%. Cells tested with N719 gave lower average efficiency ~1%, 
with Voc ~ 0.77 V, Isc ~ 2.2 mA/cm², and FF ~ 57%.  Both dyes gave same open circuit voltage 
but N3 dye provided higher current density as well as fill factor, resulting in higher overall 
efficiency. 
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η    
(%) 
N3 0.77 3.3 67.6 1.71 
N719 0.77 2.72 57.7 1.20 
Figure 29. (a) Jsc-V characteristic of directly electrospun fibers on FTO test with N3 and N719 dye, and (b) 
corresponding cell parameters. 
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Efficiency was found to vary a lot from one sample to another, it varied from 0.65 to 1.71% 
over 20 different cells. These variations were due to lack of control on the cell thickness as 
well as the adhesion quality of the metal oxide. Cracks may disconnect nanofibers from one 
another and may also disconnect the metal oxide network from the substrate, resulting in poor 
charge collection. A few strategies could be adopted to tackle the different issues: 
-excessive shrinking and crack formation could be reduced by optimization of the 
electrospinning solution. Shrinking partially comes from polymer removal. Polymer 
concentration could be reduced in the sol gel to decrease fiber size reduction upon sintering. 
Electrospinning from polymer less sol gel has been reported and could be considered, the 




-the uncontrolled electrospun thickness problem could be solved by a modified 
electrospinning setup. In the current experiment the ground collector was much larger than the 
FTO glasses. Therefore, the location of the maximum thickness of the deposited film of fibers 
could not be predicted. Instead, a ground collector with the same size as the FTO glass could 
be used to direct most of the electrospun fibers on the FTO glass. Such set up may also reduce 
the amount of waste fibers. 
4.2.2.2. Spray deposition 
As N3 gave higher efficiency than N719, all following testing were done only with N3 dye. 
Spray deposition gave very various results as can be seen in Table 2. The following table 
shows the minimum and the maximum efficiency obtained for each crystal structure sprayed. 
Structure Voc (V) Jsc (mA/cm
2) FF(%) η (%) 
H-Nb2O5 
  
0.72 2.99 45 0.97 
0.81 5.04 46.6 1.9 
O-Nb2O5 
  
0.78 1.94 54.3 0.78 
0.77 3.21 53.2 1.32 
M-Nb2O5 
  0.79 1.68 51.0 0.68 
0.84 4.75 66.7 2.66 
 
Table 2 Parameters of the three polymorphs based cell by spraying, showing the minima and maxima efficiencies 
for each phase. 
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Variations in cell parameters were mainly due to difference in thickness. As explained earlier, 
thickness control is very difficult with the spraying apparatus used in this experiment. Within 
the limit of the current experiment and equipment, spraying was considered not be suitable for 
DSSC fabrication because of the tedious procedure and the large variability in the results. 
However, further optimization of the process could make it a suitable technique for 
nanostructure deposition. The following strategies could be adopted: 
-building of an automatic spray setup, to keep the spraying distance and angle constant. This 
would reduce the variability in cell thickness. 
-use of additive in the spray solution to improve the adhesion of the nanostructure on the 
substrate upon spraying. 
4.2.2.3. Doctor blade 
Paste with PEO+EG was used to test the three polymorphs in DSSC. Here, only the results 
with the optimized paste formula are presented, i.e. 100 mg of Nb2O5 nanostructure in 0.5 ml 
acetic acid, 0.1 g PEO, and 0.03 g of EG. After sintering at 500 °C for 1h, the cells had 
average thickness ~12, ~11, and ~8 μm. Under standard illumination conditions, the H-Nb2O5 
cells gave average efficiency ~ 1.3%, the O-Nb2O5 cells gave average efficiency ~ 0.9%, and 
the M-Nb2O5 cells gave average efficiency ~ 0.6%. 
Figure 30 J-V characteristic of a H,O and M-Nb2O5 cells made with PEO+EG paste 




. The decreasing dye loading 
values in the order H, O, M roots from the decreasing BET surface area and the decreasing 
thickness of the cell in the order H, O, M. The H-Nb2O5 and O-Nb2O5 displayed similar VOC 
(~ 0.72 V).The monoclinic analogue has higher VOC (~0.74 V), which is attributed to its 
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Voltage (V)  
 (b) 










H 12 3.44 0.72 56.7  1.41  
O 11 2.58 0.72 52.2  0.97  




higher conduction band edge. The JSC decreased in the order H-Nb2O5, O-Nb2O5 and M-
Nb2O5, which is consistent with the dye loading measurement. The corresponding efficiency 
was also decreasing in the same order. 
4.2.2.4. Petchini glue 
 
Pastes made from mixing 0.1g of nanostructures in 83.3 μl of niobium based Petchini were 
used to fabricate electrode by doctor blading technique. After sintering at 500 °C for 1h, the 
electrode thicknesses were ~31, 27, and 24 μm for H, O and M-Nb2O5 based cells. Under 
standard illumination conditions, the H-Nb2O5 cells gave average efficiency ~ 2.8%, the O-
Nb2O5 cells gave average efficiency ~ 2.4%, and the M-Nb2O5 cells gave average efficiency ~ 
1.5%. Figure 31 shows the J-V characteristic of a H, O and M-Nb2O5 based cells with the 
corresponding cell parameters. 
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H 31 6.68 0.77 59 3.05 
O 27 6.02 0.77 55 2.55 
M 24 3.96 0.84 50 1.67 
Figure 31. J-V characteristic of a H,O and M-Nb2O5 cells made with petchini glue under standard illumination and 
corresponding cell parameters table. 





. Like for the cells made from PEO+EG, The H-Nb2O5 and O-Nb2O5 
displayed similar VOC (~ 0.77 V). However, the monoclinic analogue has much higher VOC 
(~0.84 V) compared to the M-Nb2O5 made from PEO+EG. Similar to previous observation, 
the JSC and η decreased in the order H-Nb2O5, O-Nb2O5 and M-Nb2O5, respectively. The JSC 
and η decreased in the order H-Nb2O5, O-Nb2O5 and M-Nb2O5, respectively. High JSC 
observed for the H- phase is most likely due to its large surface area. Interestingly, normalized 
current ISC and efficiency η with respect to the BET surface area is notably high for the M-





 which for O- and M- phases were 0.75 and 3.04 mA/cm
2
, respectively 
(cell made form Petchini glue). 
Cells made from PEO + EG polymer gave low thickness, while cells from Petchini glue gave 
two times the thickness, highlighting the possibility to tune the electrode thickness in function 
of the paste formula. From data of all the cells, it was found that efficiency was proportional 
to the cell thickness for thickness up to 30, 25, and 25 μm, for H, O, and M, respectively. This 



















































Figure 32. thickness dependence of efficiency for the three polymorphs based cells, including results of cells made 
from PEO+EG glue and Petchini glue. The three polymorphs had efficiency proportional to the cell thickness. 
It was noticed that cells had decreasing thickness in the order H, O and M-Nb2O5, even though 
the paste concentration was same for the three polymorphs. This was noticed for the two type 
of paste used, it could be explained by the different packing density of the different 
polymorphs. Due to their peculiar shape, M-Nb2O5 nuggets may pack more efficiently that 
nanofibers and results in thin and dense electrode, resulting in improved network percolation.  
4.2.2.5. Conclusion 
DSSC electrodes from Nb2O5 were prepared by different techniques, each having its own set 
of advantages and drawback. Direct electrospinning could only be used to test the H phase due 
to sintering limits. The resulting cells had the highest fill factor among all the preparation 
routes. This indicates good charge transport properties in the metal oxide network, which 
probably stems from the long aspect ratio of the fibers. However, cracks formations and 
adhesions to the FTO were major issues of this technique. To allow testing of other crystal 
phases, techniques like spray deposition and doctor blading were used. On the one hand, cells 
from spraying were too random in thickness and efficiencies. On the other hand, cells from 
doctor blading provided good thickness control and result consistency, provided proper 
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optimization of the paste. By tuning the paste, thickness could be controlled in the range 10 – 
30 μm. Efficiencies of those cells were proportional to the thickness in the studied thickness 
range, indicating long diffusion length. Comparatively, efficiency was increasing in the order 
M, O, H, due to the large difference in surface area. However, when normalized to the surface 
area, cells parameters were increasing in the order H, O, M, indicating the excellent charge 
transport properties of M-Nb2O5 compared to the other phases. This observation identifies the 
need for synthesis of mesoporous M-Nb2O5 with large surface area using which high 
performance DSCs could be fabricated.  
Compared to literature value, for a same thickness, efficiency was less in the case of 
electrospun nanostructure partially because of the difference in dye loading. A 12 μm thick 
cell made of electrospun H-Nb2O5 had 2 to 3 times less dye loading than cells made from 
particles.
63
 This suggests that nanofibers have less packing density. In the 31 μm thick H-
Nb2O5 cells, despite the higher dye loading compared to its particle counterpart, efficiency 
was less. Maybe the higher thickness for nanofibers lead to more recombination compared to 




4.3. Kinetic studies 
 
The previous section about device performance of the electrospun nanostructure highlighted 
the difference in efficiency among the three polymorphs. Efficiency normalized to the BET 
area was high for M-Nb2O5, suggesting good transport properties in M-Nb2O5 compensating 
for the poor dye loading. To investigate transport properties in the three polymorphs, EIS and 




Figure 33. Transmission line to model EIS response in a DSSC 
A detailed EIS model has been developed by Bisquert et al. to model the complex phenomena 
is a DSSC. 
67
 The model, presented Figure 33, includes two types of elements: regular EIS 
element as described earlier in the EIS introduction section and extended element. The 
extended element consists of a double transmission line, which consists in a repetition of a 
basic set of distributed element. The circuit in Figure 33 includes the series resistance of the 
cell, rooting mainly from the FTO sheet resistance and connection resistance. The various 
interfaces in the cells are modeled by parallel RC circuit; the resistive element models charge 
exchange whereas the capacity element represents charge accumulation at the double layer 
interface. The interface between the FTO and the metal oxide is modeled by RFTO/Nb2O5 in 
parallel with CPE FTO/Nb2O5, to represent back transfer interaction. The interface between the 
FTO and the electrolyte is modeled by RFTO/electrolyte in parallel with CPE FTO/electrolyte. The 
interface between the electrolyte and counter electrode is modeled by Relectrolyte/Pt in parallel 
with CPE electrolyte/Pt. CPE instead of pure capacity is used to model the frequency dependence 
78 
 
of the interfacial capacity.
68
 Ionic diffusion in the electrolyte is modeled by a finite length 
Warburg element. The complex charge transport in the metal oxide and at the interface 
between the metal oxide and the electrolyte is modeled by a double transmission line. The 
upper line represents charge motion in the metal oxide, while the lower represents motion 
influenced by the electrolyte. The distributed elements are denoted with lower case 
denomination. The distributed resistance rt (Ω/m) models the resistance of the metal oxide 
over an elemental distance. This elemental segment of metal oxide is in contact with the 
electrolyte, the interface is modeled by a distributed resistance rct (Ω.m) in parallel with a 
distributed CPE qk (F/m) with a CPE exponent β, representative of back recombination 
process. From these parameters, the electron transport resistance in the metal oxide, charge 
transfer resistance and CPE are equal to       ,          and       , respectively, 
with L the thickness of the metal oxide film.  From these parameters, important kinetic 
parameters can be obtained. The electron life time is calculated as           
   , the 
transit time is          
   , the chemical diffusion coefficient is     
    , and the 
diffusion length is           
















(i) charge transfer 








Typical EIS spectra of a DSSC
 
Figure 34. Typical EIS of a DSSC under standard illumination condition showing three frequency ranges 
characteristic of (i) reduction of I3
- at the Pt counter electrode, (ii) charge transfer at Nb2O5/electrolyte interface, 
and (iii) electrolyte diffusion. 
 
Figure 34 shows a typical EIS of a DSSC under standard illumination condition. Three 
different frequency ranges are ascribed to three semi circles with their corresponding 
processes, offset by a real quantity: the high frequency begins at a real value, corresponding to 
the series resistance (mainly RFTO). The high frequency region (i) (here from 30 000 to ~520 
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Hz), comes from the charge transfer at the counter electrolyte. The resistance Relectrolyte/Pt comes 
from the reduction of the triiodide ions at the Platinum/electrolyte interface, the platinum 
acting as a catalyst for the reaction.  The resistance is inversely proportional to the exchange 
current density of the redox reaction. The CPE electrolyte/Pt models the charge accumulation at the 
corresponding interface and the CPE exponent models surface roughness observed as 
depressed semi-circle in the EIS spectra. 
The middle frequency region (ii) (here from 520 to ~0.29 Hz) appears as a diffusion like 
element: the higher frequency carries information about transport in the metal oxide, while the 
dominant large semi-circle at lower frequencies accounts for charge transfer from the metal 
oxide to the electrolyte. In the EIS model, this region provides information about the transport 
resistance Rt, the charge transfer resistance Rct, and the chemical capacitance Qk. The solution 
of the diffusion equation for a sinusoidal excitation can be written as:
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With wr the back recombination rate        , wd the characteristic frequency of diffusion 
in a finite layer       . When the charge transfer resistance is much higher than the 
transport resistance, the impedance appears as a straight line at high frequency and a large 
semi-circle in the lower frequency. When the charge transfer resistance is much lower than the 
transport resistance, a Gerischer impedance can be seen (                     
   
). 
 In the low frequency range (iii) (from 0.29 Hz onwards), the impedance roots from diffusion 
process in electrolyte, which impedance can be obtained by solving Fick’s law: 
   





     
 
Rd the diffusion resistance given by the width of the low frequency arc, w the angular 
frequency of the EIS sinusoidal excitation, wd  the time constant associated with diffusion 
process, α is a diffusion parameter equaling 0.5 for a finite length Warburg impedance. The 
impedance roots mainly from the diffusion of I3
- 
 as its concentration is lower than I
- 
ions and 











4.3.1.1. EIS under 1 sun illumination 
(a)  


































7.7 27.7 8.0 0.89 
9.5 47.6 3.8 0.89 
4.1 97 1.0 0.94 
  
Figure 35. Cells prepared from Petchini glue under standard illumination: (a) impedance spectra and (b) 
corresponding impedance parameter 
 
EIS under 1 sun of the cells prepared from the Petchini glue presented earlier are shown 
Figure 35.a and the corresponding EIS parameter are shown Figure 35.b. For ease of 
comparison, the series resistance has been subtracted from the three EIS of the three 
polymorphs. EIS were recorded after JV characteristic and OCVD measurement. The three 
polymorphs exhibited different spectra, increasing in size in the order H, O, M. While the first 
semi-circle (platinum interface) was quite comparable among the three cells, size of the semi-
circle in the medium frequency range accounts mostly for the difference in spectra. The width 
of that semi-circle is directly related to the charge transfer resistance, indicating that Rct 
increased in the order H, O, M. This was completely reflected in the EIS parameters by fitting 
the transmission line. The charge transfer resistances were: 28, 48, and 97 Ω, for H, O, and M, 
respectively. Therefore, recombination was more important in the order H,O,M. The 
corresponding charge transfer capacitance was found to decrease in the order H, O, M, with 8, 
3.8 and 1 mF, respectively. The CPE exponent was comparable for H and O with a value of 
0.89, while it was higher for the M-phase. The transport resistance was higher for O and lower 
for M. Rt were 7.7, 9.5 and 4.1 Ω for H, O, and M, respectively. This indicates faster electron 
transport in M compared to the other polymorphs. 
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From the EIS parameters, kinetic parameters were calculated. The lifetime were decreasing in 
the order H,O, M, with value of 180, 125 and 80 ms respectively. Same observation could be 
done for the transit time, with 55, 8 and 2 ms, respectively. Despite the high lifetime noted for 







 , respectively; the ratio was an order of magnitude lower in M than H. This indicates that 
electron collection efficiency was better in M than O and H, as the lifetime greatly exceeds the 
transit time. Electrons recombine less with the electrolyte in M, as already noticed from the 
high value of the transfer resistance in M. This was reflected in the diffusion coefficient, 





typical value found for DSSC like in TiO2 DSSC. In O, the diffusion coefficient was more 
than 4 times higher than in H. In M, Dn was an order of magnitude higher than in H-Nb2O5. 
This allows M based cells to have very high diffusion length ~ 140 μm; for H and O the 
values were 55 and 97 μm, respectively. All parameters are summarized Table 3. 










H-Nb2O5 180 55 1.7×10
-4
 55 
O-Nb2O5 125 8 7.9×10
-4
 97 
M-Nb2O5 80 2 2.3×10
-3
 140 
Table 3 Kinetic parameters of the cells made from petchini glue: lifetime, transit time, diffusion coefficient, and 
diffusion length. 
 
4.3.1.2. EIS under 1 sun illumination and in the dark under bias voltage. 
Kinetic parameters in DSSC depend on the electron concentration in the metal oxide upon 
injection of photogenerated electron. Direct comparison of cells with very different dye 
loading is therefore not straightforward. To overcome this issue, cells made from the three 
polymorphs and with comparable efficiencies were analysis by EIS under 1 sun. EIS in the 
dark under bias voltage is sometime preferred, as the dye does not take part in the EIS 
response and the charge transport of the metal oxide can be studied. In Figure 37.d, EIS of the 
three polymorphs recorded under standard illumination condition are shown. Thicknesses of 
the sample were 10 μm, 11 μm, and 25 μm. The thicknesses of the different electrodes were 
chosen as to provide comparable cell efficiencies. The J-V characteristic is shown in Figure 
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36.a, and the cells characteristic are shown in Figure 36 b. All cells had comparable 












Figure 36. (a) J-V characteristic of the three polymorphs under standard illumination and (b) corresponding cell 
parameters 
Impedances of the cells were recorded at various voltages in the dark and in the range 0.61 V 
to 0.76 V for H and O-Nb2O5 (Figure 37). The voltage range was extended to 0.79 V for M-
Nb2O5 due to its higher open circuit. EIS under 1 sun was also recorded for the three cells. 
Illumination can be treated as equivalent to a voltage bias imposed in the dark.
70
 However, a 
few differences can be noticed. In the dark, electrons are injected from the FTO into the metal 
oxide and diffuse through the metal oxide network.
71
 Some of these injected electrons 
recombine with triiodide ions in the electrolyte. Upon illumination, the dye is photoexcited 
and all corresponding phenomena appear: electron injection from excited dye, recombination 
with the oxidized dye, and regeneration of the dye by redox reaction. Consequently, rise of 
local triiodide ion concentration at the surface of the metal oxide occurs due to iodide 
oxidation in the dye regeneration process. This increases the back transfer recombination, as 
more conduction band electron are captured by the redox electrolyte. Illumination raises the 
temperature of the electrolyte, thereby reducing the viscosity of the electrolyte. The diffusion 
resistance diminishes, while the diffusion in electrolyte coefficient increases. Besides, under 
light exposure the transport resistance of the Nb2O5 decreases substantially due to injection of 
photogenerated electron. 
(a)








































Voltage (V)  
(b) 










H 11 4.05 0.76 56.3  1.72  
O 11 3.62 0.77 59.5  1.66  




Similarly to previous observation, the size of the spectra increased in the order H, O, M 
(Figure 37.d). For the three polymorphs, upon illumination, a sharp decrease in the spectra 
size was noticed compared to EIS in the dark with bias potential near OCP. This comes 
mainly from the decrease in size of the medium frequency range semi-circle, indicating a 
sharp decrease in charge transfer resistance. The radial frequency at the zenith of the circle 
was lower under 1 sun than in the dark, indicating a lower lifetime under 1 sun than in the 
dark. This is consistent with the increase in back recombination under 1 sun mentioned 
earlier. 































































(d) 1 sun EIS
Z'
 H 1 sun
 O 1 sun




Figure 37. EIS in the dark and under bias voltage of (a) H-Nb2O5, (b) O-Nb2O5, (c) M-Nb2O5 and (d) EIS of the 




























































From EIS under 1 sun





















) From EIS under 1 sun




























Figure 38. EIS parameters of H-Nb2O5 (a) transport and charge transfer resistance, (b) charge transport 
capacitance, (c) diffusion coefficient, (d) lifetime and transit time. 
 Figure 38 shows the EIS parameters of the H-Nb2O5 recorded under 1 sun illumination and in 
the dark with various forward biases in the range 0.6 – 0.76 V. As explained before, the 
charge transfer and transport resistance reduced significantly upon illumination (5.5 and 50 Ω 
compared to 49 and 240 Ω). The corresponding capacitance was three times higher under 1 
sun than in the dark, inducing a lifetime under 1 sun three times lower. The transit time was 
also lower under 1 sun (13ms compared to 31 ms). The diffusion coefficient under 1 sun was 
more than two times higher than in the dark (5.2 10
-4





The chemical capacitance Qk = qk L can be described as the change of the electron density 
upon a small variation of the chemical potential. By analogy with TiO2, where the intra band 




       
 
   
 
 
With e the elementary charge of the electron, kB the Boltzmann constant, and T the 
temperature, and V the bias potential.  During EIS measurement, the room temperature is 
supposed to be constant. Therefore, the chemical capacitance should exhibit an exponential 
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dependence on the bias voltage. This was observed in the H-Nb2O5 cells, as the log of the 
capacitance exhibited a linear dependence on the bias voltage. The capacitance increased from 
~2.9 mF to 0.76 mF with increasing bias voltage (Figure 38.d).   
Similarly, the transport resistance should exhibit an exponential dependence with the bias 
voltage. As the transport resistance is inversely proportional to the carrier density at the 
transport level, the transport resistance can be written as
72
: 
        
 
   
   
            
   
With EF,redox the redox potential in the electrolyte and Ec the lower edge of the conduction 
band of Nb2O5. For H-Nb2O5, the resistance varied from 6074 to 22 Ω in the potential range, 
with a decreasing exponential dependence on the voltage as expected.  The charge transfer 
resistance decreased from 883 to 50 Ω with decreasing potential. At potential below 0.67 V, 
Rct was less than Rt. 
Kinetics parameters were calculated from the difference impedances values. The lifetime 
increased from 386 to 1117 ms with decreasing voltage. This could be seen from the 
frequency shift of the middle circle: with decreasing potential, the zenith frequency was 
decreasing and the semi circle did not form completely in the current frequency range. The 
transit time variation was more dramatic: at 0.76 V the ratio       was 12 and at 0.61 V the 
ratio was only 0.13, indicating a very poor charge collection. The ratio was 10 under 1 sun. 
This resulted in two different regimes, seen in the evolution of the diffusion coefficient 
(Figure 38 c). Dn evolved exponentially in the voltage range 0.67 – 0.76 V with the cell 
voltage. Below 0.67 V the evolution was also exponential but with a higher decreasing rate. 
This is consistent with the evolution of the ratio      , the diffusion coefficient significantly 































































































































From EIS under 1 sun
 
Figure 39. EIS parameters of O-Nb2O5 (a) transport and charge transfer resistance, (b) charge transport 
capacitance, (c) diffusion coefficient, (d) lifetime and transit time. 
Similar observation could be done for O-Nb2O5 (Figure 39). Similar drop in resistance upon 
illumination was noticed, Rt and Rct were 5.5 and 55 Ω under 1 sun, and 10 and 228 Ω at 0.76 
V. The capacitance was of 1.5 mF was also higher than the capacitance in the dark of 1.3 mF. 
The charge transfer capacitance (Figure 39.b) and transport resistance (Figure 39.a) had 
exponential dependence, varying in the 0.4 – 1.5 mF and 5.5 – 257 Ω, respectively. The 
charge transport resistance increased from 54 to 1972 Ω with decreasing potential. Unlike H-
Nb2O5, the charge transfer resistance was higher than the transport resistance in the voltage 
range studied. As a result, the electron lifetime was also higher than the transit time at all 
potential studied. The lifetime and the transit time were in the range 0.28 - 0.8 s and 11-104 
ms, respectively, in the dark .The       ratio varied from 8 to 26, and was of 12 at 1 sun. The 
diffusion coefficient did not have single exponential variation in the potential range as well, 
which is ascribed to the decreasing characteristic time ratio with decreasing potential. The 






/s, and was 2.2 under1 sun. Dn 




In the case of M-Nb2O5, Rt and Rct were 2.4 and 74 Ω under 1 sun, 7 and 423 Ω at bias of 0.79 
V. The charge transfer capacitance (Figure 40.b) and transport resistance (Figure 40.a)  had 
exponential dependence, varying in the 0.4 – 0.8 mF and 7.5 – 29 Ω, respectively.  The 
transport resistance was the lowest among the three polymorphs, due the higher conductivity 
of the monoclinic phase. The charge transfer resistance also had an exponential dependence 
on the voltage with variation between 423 and 5654 Ω (Figure 40.a). The higher values of Rct 
denote less recombination with electrolyte, under 1 sun or in the dark with bias voltage. 
Correspondingly, the ratio of the lifetime to the transit time was also higher in M, with value 
of 37 under 1 sun, and between 72 and 273 in the dark. Interestingly, the diffusion coefficient 
(Figure 40.c) showed an exponential dependence in the voltage range 0.61-0.79 V, indicating 
an efficient charge collection in the whole potential range studied, in opposite to the two 










/s under 1 sun. The values was an order of magnitude 




















































































From EIS under 1 sun





























From EIS under 1 sun
 
Figure 40 EIS parameters of M-Nb2O5 (a) transport and charge transfer resistance, (b) charge transport 




Limit of the model 
The model assume a drift free electron transport, as the electron charge is screened by the 
electrolyte, removing all internal field within the metal oxide structure. This model is 
particularly suitable for nanoparticles, which diameter is of few dozens of nanometer.  
However, in the case of the current fibers, the diameter is above 100 nm and much more for 
the M-Nb2O5 nuggets. In these structures, band banding may occur in the radial direction of 
the fibers/nuggets, introducing a small space charge layer at the surface of the structure.
25
 The 
model could be improved by taking these kinds of phenomena into account. Nonetheless, EIS 
was found to provide reasonable EIS parameters for the three polymorphs and allowed to 
evaluating diffusion coefficient in DSSC. 
4.3.2. OCVD 
OCVD of cells made from the Petchini glue were recorded, after cell sealing and one JV 
measurement. Cell was illuminated under 1 sun until equilibrium was reached. Subsequently, 
the light source was switched off and the cell was in the dark. It was noticed that total dark 
was an issue to obtain because of all parasite lights, which could come from equipments in the 
room or light passing through the curtain of the room. The ambient residual light in the room 
when the main light was switched off could vary depending on the light outdoor, which could 
not be properly blocked by the curtain. To avoid variation between measurements, proper 
mask was used to surround the cells during measurement, preventing any parasite light from 
reaching the cells. It consisted in a bowl shape like cavity, opened at the top to perfectly fit the 
solar simulator output. During voltage decay, the voltage was recorded every 0.02 s on the 
autolab system. Figure 41.a shows lifetime evaluated from OCVD for the cells made from the 
Petchini glue. In the voltage range 0.76 – 0.61 V, H-Nb2O5 had increasing lifetime in the range 
110 – 470 ms. It increased substantially to ~410 ms at ~0.69 V and had less variation in the 
remaining potential window. O-Nb2O5 had lower lifetime than H-Nb2O5 in the same voltage 
range, with value increasing from 99 to 383 ms. The lifetime vs. voltage characteristic of O-
Nb2O5 exhibited a small flexion around 0.71 V, though much less than H-Nb2O5. M-Nb2O5 
lifetime had almost exponential variation in the potential range 0.83 – 0.61 V, increasing from 
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61 to 3446 ms. M-Nb2O5 had higher lifetime among the polymorphs in the potential range 
studied here. H-Nb2O5 lifetime was comparable to M-Nb2O5 lifetime in the high potential 
range 0.76 – 0.69 V, but the lifetime was much lower in H in the range 0.69 – 0.61 V. O-
Nb2O5 had lowest lifetime in the whole range.  For comparison, lifetimes calculated from EIS 
parameters presented above are summarized here in Figure 41.b. Lifetime OCVD gave similar 
trend to lifetime from EIS. From EIS studies, it was also found that M-Nb2O5 had highest 
lifetime in the whole potential range.  H-Nb2O5 had slightly higher lifetime than O-Nb2O5, 
though the relative differences were less than from OCVD studies. Lifetime vs. voltage 
characteristic in H and O-Nb2O5 did not exhibit noticeable flexion the same potential range 
like from OCVD. Besides, values from EIS were higher than from OCVD for H and M. 
Despite the difference, OCVD methods confirm the difference in transport properties among 
the three forms. OCVD has the advantage to be more straightforward as it requires a simple 
derivation of the voltage variation with respect to time.  
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Figure 41. evaluation of the lifetime of the three polymorphs by (a) OCVD and (b) EIS in the voltage range 0.61 – 
0.81 V 
4.3.3. Conclusion 
EIS allowed kinetic studies of DSSC based on the different polymorphs. Cells prepared with 
the petchini glue were studied by EIS, under standard illumination. Electron collection 
efficiency was increasing in the order H, O, M as seen from the ratio of the electron lifetime to 
the transit time. This resulted in observed increasing diffusion coefficient in the order H, O, 
M. To allow better comparison, cells with similar efficiencies were tested under standard 
illumination and in the dark. The transport resistance and charge transfer capacitance had 
decreasing exponential dependence on the bias voltage. It was found that the cell collection 
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efficiency was dependant on the bias voltage. For H and O, the collection efficiency was very 
low below a certain bias voltage. Under that threshold voltage, the diffusion coefficient would 
drop significantly. Whereas M had good charge transport properties in the whole voltage 
window, resulting in less variation in the diffusion coefficient, which values were an order 
higher than H and O. OCVD measurement confirmed the superior transport properties in M 
among the polymorphs, which had higher lifetime than H and O in the potential range studied. 





5. Solar Fabric 
 
A solar fabric is a recent concept adapted from DSSC. Variations of DSSC have already been 
investigated, such as the photoactive fiber.
73-79
 In this system each fiber includes all the 
components of a DSSC; and therefore, acts as a standalone solar cell. Such photoactive fiber 
could serve as electricity generating fabric. The fiber morphology allows flexibility, a feature 
that seldom exists in other solar cell technologies. Different strategies exist to produce solar 
active fibers. 
73-79
 Senecal et al.
73
 fabricated a fiber cloth by electrospinning a solution 
containing dye-anchored TiO2 nanoparticles and LiI/I2. Very recently, Nair et al 
80
 replaced 
the TiO2 nanoparticles using nanowires and reported efficiency up to ~10
-3 
% with a VOC 
~0.320 V, JSC ~ 18 μA/cm
2
 and FF ~ 0.18% . So far, the oxide material under consideration 
for such studies was confined to nanocrystalline TiO2 and no attempt has been made to apply 
Nb2O5 in solar fabrics.  
5.1. Solar Fabric synthesis 
 The synthesis of the solar fabric includes two electrospinning steps. First, Nb2O5 
nanofibers were produced by the method exposed earlier. The second electrospinning step was 
to produce the photoactive fibers, the solution used was made of three compounds: the 
sensitized Nb2O5, the P3HT (10 mg/mL in CHCl3) hole conductor, and the conducting 
polymer PANi emeraldine based (Mv ca. 65000, Sigma-Aldrich) mixed to Polyethylene oxide 
(Mv ca.100 000). The sensitized Nb2O5 nanorods were obtained by ultrasonically dispersing 
0.01g of the previously synthesized nanofibers into the N3 dye for 24h. The hole conducting 
medium was prepared by dissolving 50 mg of poly hexylthiophene (P3HT) in 1 ml of 
chloroform. The electron conducting medium was prepared by mixing 0.15 g of polyaniline 
(PANi), 0.15 g of Camphor-10-sulfonic acid and 7.7 ml of chloroform.  The mixture was 
stirred for 24 h before being filtered using an acrodisc syringe filter unit (0.2 micrometer 
Supor Membrane, Pall Newquay, UK). The filtrate was then added to 0.15 g of polyethylene 
oxide (PEO) and stirred for 24 h. The electrospinning solution was made by mixing 1 ml of 
the electron conduction solution, 1 ml of the hole conduction solution, and 1 ml of the 
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dispersed nanorods in N3 dye solution. The solution was electrospun in a different set up 
condition. A syringe pump provided a feed rate of 0.5 mL/h. An electric field was created 
between the tip of the solution containing syringe and the grounded collector, the voltage 




Figure 42. SEM image of the electrospun photovoltaic fibers on an aluminum collector, the fiber diameters are in 
the 300 – 600 nm range. The SEM was recorded with a 10000 magnification. 
 
SEM images of the photovoltaic fibers collected on aluminum foil connected to the ground, is 
shown in Figure 42. The micrograph shows randomly oriented fibers with length of several 
hundreds of μm and with thickness mainly in the 300-600 nm range. It can be noticed that 
fibers with diameter of less than 100 nm are also produced. However these are not supposed 
to be photoactive, because they cannot contain any Nb2O5 nanorods, which diameter is ~ 160 
nm. The electrospun solar fabric was tested just after the synthesis described earlier. Charge 
collection was performed using a transparent conducting FTO glass and the aluminum 
substrate of the electrospun fibers. Both were used to sandwich a 1.92 cm
2
 square piece of 
solar fabric. The device could therefore be tested as a regular DSSC cell. The measured I-V 
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curve is shown in Figure 43. The absolute efficiency is very low but is enough to demonstrate 
the photo activity of the solar fabric. The low efficiency comes from the low FF of the cell, as 
can be seen from the convexity of the I-V curve. The low efficiency comes from the low FF of 
the cell, as can be seen from the convexity of the I-V curve. The low Fill Factor indicates high 
recombination of the photo generated electrons. This could be expected as no apparent 
structure exists in the fibers, as in a regular DSSC solar cell. In a DSSC the anchored metal 
oxide and the counter electrode are separated by a hole conducting medium. Upon photon 
absorption, excitons will be generated at the dye. Electron-hole separation then occurs at the 
dye/metal oxide interface and electrons diffuse through the metal oxide network to the outer 
circuit. The excited dye is regenerated by an electrolyte, which serve as a hole conducting 
medium from the dye to a platinum sputtered counter electrode. In the solar fabric, all the 
components are mixed together and no clear separation is achieved. In some part of the fiber, 
the hole conducting part may be in direct contact with the electron conduction medium, which 
would result in quick recombination of the photo generated electrons. Therefore, short circuit 
may appear locally. But interestingly it does not prevent the solar fabric from globally 
generating electricity.  One can notice the high Voc despite the risk of short circuit, this value is 
close to Voc values for H Nb2O5 based DSSC.  






























Figure 43. Jsc-V trace of the Nb2O5 solar fabric. The solar fabric exhibited an open circuit voltage Voc of 0.6653 
V, a short current density of 4.765 10-4 mA/cm², a fill factor of ~15.46%, and an overall efficiency of 4.48 10-7%.
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5.3. Conclusion  
For the first time H-Nb2O5 has been applied in a solar fabric device. The morphology 
of the fibers was characterized by scanning electron microscopy and photovoltaic parameters 
at 1 Sun conditions by a calibrated solar simulator. Though the efficiency of the device is low, 
the surface current density and open circuit voltage values indicate that efficiency could be 





6. Lithium Ion Batteries using Electrospun Nb2O5 polymorphs 
 
Nb2O5 has been studied as a cathode material in literature. Kodama et al. 
7
 studied the cycling 
performances of different phases of Nb2O5, namely O-, M- and T-Nb2O5 (tetragonal). The 
particles were obtained by annealing commercially available fine powder of niobium 
hydroxide to obtain the desired phase. Wei et al.
15
 studied the application of Nb2O5 nanobelts 
in DSSC (mentioned earlier) and studied the application of the same nanobelts in LIB. Luo et 
al. 
81
 studied the application of Nb2O5 nanosheet as a cathode material. The nanosheets were 
synthesized by hydrothermal route at 130 °C, from a mixture of NbO2 powders, distilled 
water, ethanol and urea. The resulting nanosheet had a thickness around 3-5 nm. A 
comparative discussion is included later. So far, electrospun Nb2O5 nanostructures have not 
been reported in literature.  
6.1. Fabrication 
Electrodes for the electrochemical studies were prepared by mixing ground Nb2O5 
nanostructures with carbon black and polyvinylidene fluoride copolymer (binder, Kynar 2801) 
with ratio 65:20:15 and 70:15:15. N-methyl 2-pyrrolidinone was used as the solvent to 
disperse the nanostructures, carbon black, and the binder. The above solution was mixed for a 
few hours to ensure homogeneity. The solvent concentration was changed until a paste with 
adequate viscosity was obtained. The doctor Blade technique was used to coat a ~20 μm thick 
layer of the prepared slurry on an etched copper foil, as can be measured from a cross section 
SEM of an electrode (Figure 44.c). The doctor blade device includes a long bladed which 
height can be adjusted by knots at its two extremities. The copper foil was held against the 
support by air vacuuming to remove any air gap and to provide flatness. The solution was 
deposited on the foil and the blade was slided only once to spread the slurry. Then the coated 
slurry was dried in oven at ~80 °C for a few hours. 
Circular electrode (area ~2 cm²) was cut from the coated copper foil. LiPF6 (1M) in ethylene 
carbonate (EC) and diethyl carbonate (DEC) (1:1 V/V) (Merck) was used as the electrolyte. 
Glass microfiber filter (Whatman) membrane was used as separator. The counter and 
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reference electrode was a 2 cm² circular piece of lithium metal. Coin-type test cells (CR2016) 
were fabricated in an Ar-gas filled glove box to prevent any moisture insertion in the battery. 
The cathode was placed in one of the cap of the cell. A few drops of electrolyte were added on 
the cathode before adding the separator and again a few drops of electrolyte. The anode was a 
piece of lithium duly scratched to remove the fine layer of oxide. The anode was placed on top 
of the separator before closing the cell with a sealing plastic ring and the upper cap. The upper 
cap included a metallic spring to improve the contact adhesion inside the cell, it was created 
by pressing a wavelike shape on a circular piece of stainless steel. The whole cell was sealed 
by a manual sealing setup (Hosen, Japan). 
 
6.1.1. Heat treatment studies 
 Some electrodes were further heated at 220 °C in Argon gas for 6 h to improve the contact 
between Cu-current collector, conducting carbon, active material, and PVDF binder. This 
contact plays an important role on lithium battery performances. During the electrode 
fabrication the coated copper foil was dried at 80 °C to remove solvents. Cracks may form in 
the drying slurry, which results in isolating voids within the composite electrode (Figure 
44.a). Upon heating in Argon atmosphere, the binder slightly melt and filled the crack, which 
improves the contact between the components of the composite electrode (Figure 44.b).
 
Figure 44. SEM images of the composite Nb2O5 electrode  (70% M-Nb2O5:15% Carbon: 15% PVDF) (a) before 
heat treatment, (b) after heat treatment at 220 °C for 6 h in Argon. Bar scale: 100 μm, (c) Cross sectional SEM 
image of the M-Nb2O5 composite electrode, Bar scale: 10 μm 
6.2. Characterization  
Impedance spectra were carried out with Solartron Impedance/gain-phase analyzer (model SI 
1255) coupled with a Potentiostat (SI 1268) at room temperature (~ 25 
o
C). The frequency 
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was varied from 0.35 MHz to 3 mHz with an alternating current signal amplitude of 5 mV. 
The Nyquist plots (Z’ vs. – Z”) were collected and analyzed using Z plot and Z view software 
(Version 2.2, Scribner associates Inc., USA). The performance evaluation of the Nb2O5 was 
done in two various voltage ranges.  Nb2O5 was first tested as a cathode material in the 1.0 – 
2.6 V. For comparison purpose, it was also tested in the 1.2 – 3.0 V range to enable direct 
comparison with literature results. Nb2O5 was also tested as an anode material in the range 
0.005 – 2.6 V. The different current rates will be specified in text. 
6.2.1. Cyclic voltammetry studies 
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Figure 45. Cyclic voltammograms of Nb2O5 nanofibers sintered at (a) 500 °C, (b) 800 °C, (c) 1000 °C and (d) 
1100 °C.  V=1.0-2.6 V, Scan rate, 0.058 mVs-1. Li- metal anode was the counter and reference electrode, CV was 
recorded at room temperature. 
Cyclic voltammetry measurements were carried out using Mac-pile II (Bio-logic, France). CV 
were taken from the fully assembled coin cells. Figure 45 shows cyclic voltammograms (CV) 
of Nb2O5 nanofibers annealed in the range 500-1100 °C. The CV studies were carried out in 
the range 1.0 - 2.6 V, with a scan rate of 0.058 mV/s and at room temperature. The CV of H-
Nb2O5 nanofibers showed (Figure 45.a) a cathodic peak and anodic peak at 1.84 V, whereas 
O-Nb2O5 nanofibers showed corresponding peaks at 1.8 V vs. Li (Figure 45.b). The CV of the 
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M-Nb2O5 (1000 °C) showed mainly one pair of cathodic peaks at 1.29 and 1.57 V and one 
pair of anodic peaks at 1.45 and 1.69V vs. Li, respectively (Figure 45.c). The CV of M-Nb2O5 
(1100 °C) nanofibers (Figure 45.d) showed clear reversible cathodic and anodic peaks at 1.62 
and 1.74 V vs. Li, respectively. The difference in the CV between the M-Nb2O5 (1000 °C) and 
M-Nb2O5 (1100 ºC) could come from the difference in crystallinity. Sharp reversible peaks in 
the CVs observed for M-Nb2O5 indicate good lithium intercalation/de-intercalation. This 
observation was clearly reflected in the lithium battery performance, ie the initial capacity and 
the capacity retention to be discussed later. The main cathodic and anodic peaks correspond to 




-LixNb2O5 (during discharge scan). The CV results demonstrated that the 
cathodic/anodic peak potentials are highly sensitive to morphology and crystal structure. 
6.2.2. Galvanostatic discharge-charge cycling in voltage range 1.0 – 2.6 V 
Discharge-charge cycling was carried out on a bitrode battery tester (Model SCN, USA). 
Figure 6 shows galvanostatic discharge-charge cycling plots of H-Nb2O5, O-Nb2O5, M-Nb2O5 
(1000 °C), and M-Nb2O5 (1100 °C) . Cycling studies were performed at a current rate of 50 
mA/g in the voltage range 1.0 - 2.6 V at room temperature. The first discharge cycle of H-
Nb2O5 and O-Nb2O5 nanofibers (Figure 46.a and b) had similar line profile indicative of one-
phase reaction. In contrast, a plateau lying around 1.75V vs. Li was observed in the charge 
and discharge cycle for M-Nb2O5 (1000 °C) and M-Nb2O5 (1100 °C), indicating a two phases 
reaction (Figure 46.c and d).   
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Figure 46. Galvanostatic charge-discharge of Nb2O5 nanofibers sintered at (a) 500 °C   (b) 800 °C (c) 1000 °C 
and (d) 1100 °C for 1h. The numbers indicate cycle number. Voltage range, 1.0-2.6 V vs. Li/Li+, at a current rate 
of 50 mAg-1. 
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Figure 47. Capacity vs. Cycle number plots of (a) bare H, O, M-Nb2O5; current rate: 50mA/g (b) M-Nb2O5 heat 
treated electrode at 220°C at 6h in Ar; Current rate: 50 and 400mA/g. Voltage range: 1.0-2.6V, Li-metal as 
counter and reference electrode. 
 
The specific capacities during second discharge cycle for H-Nb2O5, O-Nb2O5, M-Nb2O5 (1000 
°C), and M-Nb2O5 (1100 °C) were 152, 189, 208, and 242 mAh/g, respectively.  These 
capacity values correspond to 1.5 to 2.4 moles of lithium per mole of Nb2O5 inserted during 
discharge cycle. The capacity vs. cycle number plots of Nb2O5 nanofibers/nanonuggets are 
shown in Figure 47.a. The M-Nb2O5 (1100 °C) delivered highest and stable capacity 
compared to the others (.a). The capacity delivered by the fibers heated at 1000 °C was 
slightly greater than that obtained for the O-Nb2O5 phase but was below that of M-Nb2O5. The 
100 
 
corresponding capacity fading of M-Nb2O5 (1000 °C) was also higher than M-Nb2O5 (1100 
°C). It showed high capacity fading about 22% between the 2 to 25
th
 cycles, which was 10% 
for M-Nb2O5 (1100 °C). This could be explained by the difference in crystallinity.   
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Figure 48. Differential capacity vs. voltage plots extracted from the second charge discharge galvanostatic cycles 
of Nb2O5 fibers sintered for 1h in air at (a) 500 °C,   (b) 800 °C, (c) 1000 °C and (d) 1100 °C. 





galvanostatic discharge-charge cycles, they are shown in Figure 48. The potentials obtained 
from the differential capacity plots were similar to CVs of the respective phases (Figure 45). 
To study the effect of particle size on the cycling performances, the M-Nb2O5 heated for 1h 
(~53 nm) and 11h (~160 nm) at 1100 °C were used as cathode and performed galvanostatic 
charge-discharge cycling. The M-Nb2O5 heated for 1h duration delivered a reversible capacity 
of 242 mAh/g at the end of 2
nd
 cycle with 10% capacity loss between the 2
nd
 and the 25
th
 
cycle. On the other hand, 11 h annealed M-Nb2O5 fiber delivered a lower capacity of 210 
mAh/g at the end of the 2
nd
 cycle with an increased capacity fading of ~ 15%. Li-
intercation/de-intercalation is expected to be more facile with particle of smaller size 
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compared to the bigger ones, which explains the better cycling performance of the M-Nb2O5 
annealed for 1 h compared to the M-Nb2O5 annealed for 11 h. 
 
To improve the electrical contact between active material, binder, carbon, and current 
collector, an additional heat treatment in argon atmosphere at 220 °C for 6 h was applied, on 
M-Nb2O5 (1100 ºC for 1h) based electrode. The 220 °C temperature did not affect the already 
sintered Nb2O5 nanostructure, but acted on the surrounding binder. The binder melted, which 
improved the contact between the carbon, the metal oxide and the current collector.
82
 The 
capacity vs. cycle number plots of the heat treated electrodes is shown in Figure 47.b. They 
were cycled in the same voltage range 1.0 – 2.6 V, with current densities of 50 mAh/g and 
400 mAh/g. At a current density of 50mAh/g, the heat treated M-Nb2O5 showed a capacity of 
227 mAh/g at the end of the second cycle, with negligible capacity fading ~0.6% at the end of 
the 60
th
 cycle. At higher current rate of 400 mAh/g, the sample delivered a 2
nd
 cycle capacity 
of 228 mAh/g, which faded by ~9% at end of the 60
th
 cycle (Figure 47.b). The M-Nb2O5 
showed reduced capacity fading during cycling when compared to electrode without heat 




 compared the cycling performance of different Nb2O5 polymorphs prepared by 
sintering of commercially available fine powder of Nb2O5. They reported similar initial 
capacity for O-Nb2O5 and M- Nb2O5 to that of the present results; however, capacity retention 
differed in nanofibers from their particulate counterparts. In their cycling studies, Kodama et 
al
7




 cycle for O-Nb2O5 
and M-Nb2O5, respectively. i.e., the capacity fading of M-Nb2O5 is double that of the O-Nb2O5 
phase. In the current study using Nb2O5 nanostructures, the capacity fading observed for M-




 cycle. We note 
that the cycling performance can only be qualitatively compared due to the different cycling 
conditions (operating voltage, current density) and preparation of the electrode (composition, 
surface area, heat treatment). The particulate analogue showed high initial specific capacity in 
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M- Nb2O5 but with inferior capacity retention compared to that of O-Nb2O5.
29
 The electrospun 
nanostructures demonstrated high initial capacity as well as superior capacity retention in M-
Nb2O5  compared to those of O-Nb2O5. O-Nb2O5 and M-Nb2O5 nanofibers based cell were 
cycled in the 1.2 – 3.0 V range with a current density of 150 mA/g, to allow better comparison 
with available literature. 
 
6.2.3. Galvanostatic discharge-charge cycling in voltage range 1.2 – 3.0 V 
 
Coin cell of O-Nb2O5 (800 °C) , M-Nb2O5 (1000 °C), M-Nb2O5 (1100 °C), M-Nb2O5 (1100 
°C) sintered for 11h, and heat treated M-Nb2O5 (1100 °C;1h) were tested. An additional batch 
of cell prepared from fibers sintered at 900 °C was also prepared. The fibers presented an 
orthorhombic structure like the sample sintered at 800 °C. 








































Figure 49. XRD patterns of the fresh composite electrodes prepared with Nb2O5 annealed at 800, 900 and 1100 
°C,  #  Peaks from Cu substrate and XRD sample holder. 
 
Figure 49 shows XRD of some composite electrode before cycling, made from O-Nb2O5 (800 
°C), O-Nb2O5(900 °C) and M-Nb2O5(1100 °C). Besides the characteristic peaks of the 
concerned Nb2O5phases, peaks from the copper substrate or from the XRD sample holder 
were noticeable. CV O-Nb2O5(800 °C), O-Nb2O5(900 °C) and M-Nb2O5(1100 °C;1h) cells, 
with a scan rate of 0.058 mV/s in the 1.2-3.0 V range are presented Figure 50. For clarity only 
the 5
th
 cycle is shown. The CVs were similar to CV done in the 1.0-2.6 V and no extra peaks 
could be noticed in the 2.6 – 3.0 V range. The O-Nb2O5 (800 °C) showed anodic peak 
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potentials at 1.7, 1.82, and 2.02 V ( Figure 50.a); the cathodic peaks were located at 1.65 and 
1.83 V. O-Nb2O5 (900 °C) (Fig.4b) showed similar three anodic peaks and two cathodic peaks 
at 1.71, 1.82, 2.09, 1.63, and 1.77 V respectively. One additional cathodic peak was found at 
1.44 V when compared to the O-Nb2O5 (800 °C).  These observations were similar in the plot 
of the differential capacity with respect to the cell voltage. 
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Figure 50. Cyclic voltammograms of (a) O-Nb2O5 (800 °C), (b) O-Nb2O5 (900 °C), (c) Ta-substituted Nb2O5 (900 
°C), and (d) M-Nb2O5(1100 °C;1h), Voltage range of 1.2 - 3.0 V with scan rate of 0.058  mVs
-1, at room 
temperature. 
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Figure 51. derived capacity of 2nd cycle from (a) O-Nb2O5 (800 °C), (b) O-Nb2O5 (900 °C), (c) Ta-substituted 





Cycling performance of the cells were tested in the 1.2 – 3.0 V range, with a current of 150 
mAh/g. Galvanostatic cycling of the different cells is presented .  
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Figure 52.Galvanostatic cycling of (a) O-Nb2O5 (800 °C), (b) O-Nb2O5 (900 °C), (c) M-Nb2O5 (1000 °C), (d) M-
Nb2O5 (1100 °C) for 1h, (e) M-Nb2O5 (1100 °C) for 11h, and (f) M-Nb2O5 (1100 °C;1h) with heat treatment ; 
Voltage range of  1.2 – 3.0 V; current rate of 150 mA g-1 ; cycled at room temperature 
 
As discussed earlier, O phase exhibited one phase reaction while M phase had two phases 
reaction. The corresponding capacity vs. cycling number is presented Figure 53. The second 
discharge capacity values for the O-Nb2O5 (800 °C), O-Nb2O5 (900 °C) , M-Nb2O5 (1000 °C), 
M-Nb2O5 (1100 °C), M-Nb2O5 (1100 °C) for 11h, and heat treated M-Nb2O5 (1100 °C;1h)  
were: 138, 145, 144, 173, 170, and 198 (±3) mA h g
-1
, respectively. The corresponding 
capacity fading between the 2
nd
 and the 50
th
 cycle were 15%, 9%, 14%, 9%, 9%, and 4%, 
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respectively. Same observation can be done about the comparative performance of the 
different sample. M-Nb2O5 (1100 °C) had superior cycling performance compared to M-
Nb2O5 (1000 °C) and the O phase. Study on the heat treated M-Nb2O5 (1100 °C;1h) confirmed 
the improvement of cycling performances due to heat treatment. The study of M-Nb2O5 (1100 
°C) heated for 11h also gave similar observation of lower performance compared to the 
sample heated for 1h, although the difference was less important than the previous study. The 
study on O-Nb2O5 (900 °C) showed better cycling performances compared to O-Nb2O5 (800 
°C) due most probably to the better crystallinity with higher processing temperature. O-Nb2O5 
(900 °C) had comparable initial capacity with M-Nb2O5 (1000 °C) but with less capacity 
fading. Therefore, optimization of the sintering temperature has to be done, for a specific 
crystal structure. For the monoclinic phase, a too low sintering temperature of 1000 °C 
resulted in poor cycling performances, which were lower than O-Nb2O5 (900 °C). Higher 
processing temperature and proper crystal formation resulted in better performances, which 
was noticeable from the difference in cycling performance between O-Nb2O5 (800 °C) and O-
Nb2O5 (900 °C), but also between M-Nb2O5 (1000 °C) and M-Nb2O5 (1100 °C). Besides, 
optimization of the sintering time is also important, as noticed in the study of M-Nb2O5 (1100 
°C) sintered for 11h. The longer sintering time was thought to improve the crystallinity of the 
material and thereby improving the cycling performances. Instead, the excessive particle 
growth and probably the reduction in surface area resulted in lower cycling performances 
compared to the 1h sintered sample.  
Kodama et al.
7
  studied the cycling performance of O-, M- and T-Nb2O5 (tetragonal) particles. 
They reported good cycling performance of O-Nb2O5 with a discharge capacity of 160 mA g
-1 
at the end of the 2
nd
 cycle and with ~4 % capacity fading between 2 to 45
th
 cycle. In our study, 
orthorhombic nanofibers showed lower electrochemical performance and 2
nd
 discharge 
capacity of 138 and 145 mA h g
-1
  for O-Nb2O5 (800 °C) and O-Nb2O5 (900 °C), respectively.  
The capacity fading were respectively 17 and 7%  at the end of the 45
th
 cycle. Compared to O-
Nb2O5 particles, Kodama et al. reported for M-Nb2O5 particle higher 2
nd
 capacity (190 mA h g
-
1
) but with larger capacity loss ~11% at the end of the 20
th
 cycle. In our present study, M-
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Nb2O5 (1100 °C;1h) nanonuggets had initial capacity of 173 mA h g
-1
 with 5% capacity fading 
at the end of the 20
th
 cycle, which was twice less than for particles. Other groups studied the 
cycling performances of one dimensional Nb2O5 nanostructures. Wei et al.
15
 synthesized O-
Nb2O5 nanobelts and applied them in lithium battery, in the 1.2 – 3.0 V voltage range and at a 
current of 100 mA g
-1
. Initial discharge capacity was 250 mA h g
-1 
and the capacity fading at 
the end of the 50
th
 cycle was 28%.  Luo et al.
81
 studied Nb2O5 nanosheets in the 1.2 – 3.2 V 
voltage range and at a current of 100 mA g
-1
, the nanosheets were a mixture of NbO2, O-
Nb2O5 and M- Nb2O5. They showed very high initial capacity of 355 mA g
-1
 but with capacity 
fading of 48% at the end of the 40
th
 cycle. In the voltage range 1.2 – 3.0 V and at current rate 
150 mA g
-1
 our O-Nb2O5 nanofibers had lower initial capacity: 146, and 157 mAhg
-1
, for O-
Nb2O5 (800 °C), and O-Nb2O5(900 °C), respectively. However, the corresponding capacity 
fading values at the end of the 50
th
 cycle were better: 20, and 16% respectively. The same 
observation was done for M- Nb2O5 and heat treated M- Nb2O5, with initial capacity of 190 
and 235 mAhg
-1
, and capacity fading of 17 and 19% at the end of 50
th
 cycle.  
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Figure 53. Capacity vs. cycle number of (a) O-Nb2O5 (800 °C), (b) O-Nb2O5 (900 °C), (c) M-Nb2O5 (1000 °C), (d) 
M-Nb2O5 (1100 °C) for 1h, (e) M-Nb2O5 (1100 °C) for 11h, and (f) M-Nb2O5 (1100 °C;1h) with heat treatment ; 




6.2.4. Study of Ta substitution into Nb2O5 
The above discussion highlighted that the M phase of Nb2O5 delivered good electrochemical 





) was much lower than H-Nb2O5 or O-Nb2O5 (55 and 8 m² g
-1
), the electrochemical cycling 
performance of M-Nb2O5 was better than the H- and O-Nb2O5 phases. This could be explained 
by the high temperature sintering, which results in high crystallinity and crystal structure 
modification. For practical applications, low temperature preparation with proper crystal 
structure is preferred. In literature few reports on stabilization of high temperature phase at 
low temperature are available for other compounds, such  as the stabilization of high 
temperature ZrO2 phase by doping Ta2O5, V2O5 or Nb2O5. 
83,84
  In present study, attempts were 
to stabilize the M- phase at a slightly lower temperature by tantalum substitution (7.5 mole %) 
into the Nb2O5 host structure, followed by sintering at 900°C. 
Ta- substituted compound was prepared by adding 0.0479 g of tantalum ethoxide (purity 
99.98%, Sigma Aldrich) precursor to the 0.5 g of Nb ethoxide in previously explained 
electrospinning solution, other preparation and electrospinning conditions remained identical 
to pure Nb2O5 preparation.  Ta-substituted Nb2O5 fibers were annealed at 900 °C, in air for 1 
hour. The XRD pattern of Ta-substituted Nb2O5 sintered at 900 °C also had orthorhombic 
structure (Figure 54) and no secondary phase was observed in its XRD spectrum. lattice 
parameters of O-Nb2O5 (900 °C) were a = 6.175 Å, b = 29.322 Å, and c = 3.940 Å. The lattice 
parameters of Ta-substituted Nb2O5 (900 °C) were a = 6.174 Å, b = 29.330 Å, and c = 3.935 
Å. The lattice parameter values of pure and Ta-substituted samples were unchanged due to 




 (0.64 Å). Only a slight difference in the particle size and 
the morphology can be noticed from SEM. SEM of O-Nb2O5 (900 °C) and Ta-substituted 
Nb2O5 (900 °C) are shown Figure 55. Both samples had similar fiber morphologies with big 
inner particles along the fiber direction. However, the Ta-substituted samples has bigger 




































Figure 54. Rietveld refined XRD pattern of pure and Ta-substituted Nb2O5 sintered at 900 °C. Symbols represent 
experimental data, black continuous line represents fitted curve. Red line represents difference curve and vertical 
straight symbols represent miller indices (hkl) of pure O-Nb2O5. 
 
Figure 55. SEM of (a) pure and (b)Ta-substituted Nb2O5 sintered at 900 °C, with a magnification of 50 000x. 
 
CV of Ta-substituted Nb2O5 (900 °C) is shown Figure 50.c, it showed anodic peaks at 1.77, 
and 2.02 V and three cathodic peaks at 1.44, 1.6 and 1.8 V. These observation were confirmed 
in the derived capacity plot (.c).Though O-Nb2O5 (800 °C), O-Nb2O5 (900 °C), and Ta-
substituted O-Nb2O5 (900 °C) have same orthorhombic structure, slight shifts in the peak 
potentials were seen among the three different cells. Galvanostatic cycling of Ta-substituted 
O-Nb2O5 (900 °C) and capacity vs. Cycling number are shown Figure 56 a and b. Like the two 
other orthorhombic samples, the Ta substituted one had voltage-capacity curve characteristic 
of single phase reaction. The second discharge capacity values for the Ta-substituted O-Nb2O5 
(900 °C) was 170 (±3) mA h g
-1
, with a corresponding capacity fading between the 2
nd
 and the 
50
th
 cycle of 14 %. Ta-substituted O-Nb2O5 (900 °C) had higher initial capacity equaling that 
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of M-Nb2O5(1100 °C) but with higher capacity fading compared to its pure counter part. This 
could be attributed to the higher surface area measured for the Ta substituted sample. Pure and 





Another reason could be the improved crystallinity of Ta-substituted O-Nb2O5 compared to its 
pure counterpart, however, quantitative comparative analysis of both sample would be needed 
to confirm this hypothesis. Although, Ta substitution failed to synthesize the M phase at 900 
°C, Ta substitution had effect on morphology and cycling performances.  





























































Figure 56.(a) Galvanostatic cycling and (b) capacity vs. cycle number of Ta-substituted Nb2O5 (900 °C); V = 1.2 – 
3.0 V; current rate of 150 mA g-1. 
 
6.2.5. Electrochemical cycling in the voltage range 0.005-2.6 V   
 Anodic electrochemical studies on Nb2O5 cycled in the range 0.005-2.6 V were performed on 
few selected samples, namely Ta-substituted O-Nb2O5 (900 °C) and heat treated M-Nb2O5 
(1100 °C;1h) in view of their superior cycling performances among the O and M phases 
respectively.  Cyclic voltammograms in the potential range 0.005-2.6 V and at scan rate of 
0.058 mVs
-1
 are shown Figure 57.a and b. For clarity only the 5
th
 cycle is shown. CV of Ta-
substituted O-Nb2O5 (900 °C) showed similar peaks as in the 1.2 – 3.0 V range (Figure 50.c), 
whereas M-Nb2O5 showed two extra cathodic peaks at 1.08 and 1.16 V, when compared to the 
CV in the 1.2 – 3.0 V range. CV peak potentials are closely comparable to differential 
capacity versus voltage plots of Ta-substituted O-Nb2O5 (900 °C) and heat treated M- Nb2O5 
(1100 °C;1h) (Figure 57.c and d). 
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Figure 57. Cyclic voltammograms of of (a) Ta-substituted Nb2O5 (900 °C) and (b) heat treated M-Nb2O5 ; V = 
0.005 – 2.6 V with scan rate of 0.058  mVs
-1 ; at room temperature. Differential capacity vs. voltage plots of (c) Ta-
substituted Nb2O5 (900 °C) and (d) heat treated M-Nb2O5 extracted from second discharge-charge cycle. 
 
The galvanostatic discharge-charge cycling studies of Ta-substituted O-Nb2O5 (900 °C) and 
heat treated M-Nb2O5, cycled in the range 0.005-2.6V and at current density of 100 mA g
-1
, 
are shown in Figure 58.a and b. During first discharge cycle, the Ta-substituted O-Nb2O5 
showed a sloping region up to ~ 0.89V vs. Li (Figure 58.a), corresponding to a capacity of 
200 mA h g
-1
 (2 moles of Li). Then followed a plateau at 0.89 V and finally another sloping 
region till the end of discharge, corresponding to a storage capacity of 640 mA h g
-1
 (6.4 
moles of Li). During first charge and all subsequent discharge and charge cycles, no plateau 
could be noticed, delivering a reversible capacity around 200 mA h g
-1
 (2 moles of Li). Thus 
the irreversible capacity loss during 1
st
 discharge charge cycle was 440 mA h g
-1
. The first 
discharge cycling curve of M-Nb2O5 first showed a sloping region till 1.66 V and a plateau 
around that voltage, corresponding to a capacity of 150 mA h g
-1
. Then followed minor 
plateaus and sloping region until 0.005 V, delivering a capacity of 807 mA h g
-1
 (8 moles of 
Li). The ICL during 1
st
 cycle was 355 mA h g
-1
, which is slightly lower than the Ta-
substituted O-Nb2O5 (900 °C) compound.  During 1
st
 charge cycle two clear plateaus at 1.23V 
(~130 mA h g
-1
) and 1.71 V (320 mA h g
-1
) were seen followed by a sloping region till 2.6V, 
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delivering a charge capacity of 458 mA h g
-1
.  For the subsequent discharge-charge cycle, 
reversible plateaus at 1.23 and 1.71 V were clearly seen. The capacity vs. cycle number plots 
both cells are shown in Figure 58.c.  Ta-substituted Nb2O5 delivered a stable discharge 






 cycle and M-Nb2O5 delivered a reversible capacity 
of 453 and 346 (±5) mA h g
-1




 cycle (23% capacity loss). Differentiation 
of the capacity versus voltage during the second cycle in figure 11 confirmed the observation 
made from CV analysis for Ta-substituted O-Nb2O5 (900 °C) and M- Nb2O5, .  





















































































(c) Capacity vs cycle number 
  V = 0.005 - 2.6 V,100 mA g
-1
 
Figure 58. Anodic cycling studies voltage vs. capacity plots of (a) Ta-substituted Nb2O5 (900 °C) and (b) heat 
treated M-Nb2O5 ; V =0.005-2.6 V ; current rate of 100 mA g
-1
 (c) Capacity vs. cycle number Ta-substituted Nb2O5 
(900 °C) and  heat treated M-Nb2O5 ; V =0.005-2.6 V ; current rate of 100 mA g
-1. 
 
 The ex-situ XRD of M-Nb2O5 composite fresh electrode, in the 1
st
 discharge cycle  at 
0.005 V, and in the first charge at 2.6 V are shown in Figure 59. During the first discharge, 
relative peak intensity of increased compared to  decreased in 
intensity compared to  After 1st charge cycle up to 2.6 V diffraction peaks of 
and  were barely noticeable. During cycling all major peaks remained, 
changing only in relative intensity. M-Nb2O5 showed less structural modifications when 
































Figure 59.ex situ XRD patterns of the M-Nb2O5 composite electrode before cycling, after first discharge to 0.005 
V, after first charge to 2.6 V; # Peaks from Cu substrate and XRD sample holder. 
6.2.6. Conclusion 
 
Electrospun Nb2O5 nanostructures showed varying cycling performance according to the 
structure. On average, the initial capacity was increasing in the order H, O, M. But the cycling 
performance didn’t just increase linearly with the sintering temperature. O-Nb2O5 (900 °C) 
had higher initial capacity and better capacity retention than O-Nb2O5 (800 °C), due to 
improve crystallinity with higher processing temperature. When sintered at 1000 °C , M-
Nb2O5 (1000 °C) had worst cycling performance than at 900 °C. This could be due to an 
incomplete phase formation to the monoclinic structure. At 1100 °C, performances of M-
Nb2O5 (1100 °C) were the best among all the samples tested, suggesting a complete formation 
of the monoclinic structure. Further optimization had been tried on the sintering time. Fibers 
were sintered at 1100 °C for a longer time of 11h, resulting in improved crystal growth. 
However, cycling performances were slightly less than the sample annealed for 1h. The 
sintering time and temperature were therefore found to play a crucial part on proper crystal 
structure formation and on the cycling performance. Further study was done on Ta 
substitution of Nb2O5, to tentatively decrease the stabilization temperature of the monoclinic 
phase. Ta substituted Nb2O5 were sintered at 900 °C. Though the structure kept the same O 
phase as the sample heated at 900 °C, the morphology and the cycling performances were 
different. Crystal growth and initial capacity were enhanced, suggesting that further 
optimization of cells performances could be achieved through substitution or doping. 
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Electrospun nanostructures were found to have different cycling performance than their 
particle counterpart. With comparable initial capacities, O-Nb2O5 had worst capacity fading 
than particles while M-Nb2O5 had better capacity retention than the corresponding particle 
counterpart. O-Nb2O5 nanofibers had less initial capacity than O-Nb2O5 nanobelt, but with 
better capacity retention. Nb2O5 was also studied as anode material in the low voltage range. 
Ta substituted O-Nb2O5 and M-Nb2O5 had large ICL but deliver stable capacity after a few 
cycles of 200 and 350 mAh/g, respectively, which is higher than capacities from cathodic 
studies. Finally, heat treatment studies on electrode had positive effect on the cycling 






6.3. Kinetic studies 
 
The previous section showed that the three Nb2O5 phases had different cycling performance, 
in term of initial capacity as well as capacity retention. To investigate these differences, 
kinetics studies via EIS and GITT were done on a H-Nb2O5 (500 °C, 1h), O-Nb2O5 (800 °C, 
1h), and M-Nb2O5 (1100 °C, 1h) based cells. 
6.3.1. Impedance Analysis 
Impedance spectra were carried out with Solartron Impedance/gain-phase analyzer (model SI 
1255) coupled with a Potentiostat (SI 1268) at room temperature (~ 25 
o
C). The alternating 
current signal amplitude of 5 mV and impedance was measured at 100 different frequencies 
logarithmically distributed in the 0.35 MHz to 3 mHz range. The coin cell was aged 24h 
before the first EIS recording. During discharge the EIS were taken at 2.1, 1.9, 1.7, 1.5, 1.2, 
and 1.0 V. During charge the EIS were taken at 1.2, 1.5, 1.7, 1.9, and 2.1 V. Before each 
measurement, the cell was charge or discharge to the desired voltage at a current of 50 mAhg
-
1
. The voltage was then maintained by the cycling machine for 1.5 hour, by charging or 
discharging the battery to fix the voltage. Without that step, the potential would relax to 
another equilibrium voltage during the EIS measurement. As the oscillating signal amplitude 
is small, any change in cell voltage would induce major error in the impedance values. After 





 cycle. After the 1
st
 cycle the cell was cycle for 3 cycles at a current of 50 
mAhg
-1
. The EIS were recorded at same selected voltages during the fifth cycle. 
Corresponding EIS parameters are shown in the annex data. 








































Figure 60 (a) Example of EIS spectrum with the four different frequency ranges (b) EIS of cells before any cycling. 
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A typical recording spectrum is shown in Figure 60.a. The whole spectrum can be divided into 
up to 4 different regions
86
, corresponding to phenomena with different time constants. At high 
frequency (here above 8000 Hz), a small semi circle arises from surface film on the surface of 
the active material. Li ions encounter resistance when migrating into this surface film, which 
also results in charge accumulation and capacitance effect. This passive film can come from 
the electrode fabrication, because of any passive substance on the metal oxide structure. The 
surface film can also come from electrolyte decomposition and deposition upon cycling, 
resulting in the formation a Solid Electrolyte Interface (SEI). The semi circle in the middle 
range frequency (here 30-8000 Hz) is ascribed to charge transfer at the Nb2O5/electrolyte 
interface. Lithium ions are crossing this boundary and charges are accumulated on both side 
of the interface, resulting in a charge transfer resistance and a double layer capacitive effect. 
In the low frequency range (here 1-30 Hz), a semi circle is due to the bulk properties of the 
active material. Material resistivity results in bulk resistance, while grain boundaries see 
charge accumulation and capacity effect. In the very low frequency (here below 1 Hz), the 
spectrum shows straight line with varying slope, induced by the diffusion of Li-ion in the 
active material. Here, EIS allows to separate four different kinetic processes, with the surface 
film phenomena being the fastest and the diffusion in the Nb2O5 being the slowest. The 
experimental EIS were fitted to two equivalent electrical circuits: one by Nobili et al. 
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modified by Bhonke et al. 
88
 (Model I Figure 61)  and the other by Aurbach and  Reddy et al 
86,89
(Model-II Figure 61).  Both models consist of resistances and Constant Phase Elements 
(CPE) arising from the electrolyte (Re), surface film (Rsf and CPEsf), charge transfer (Rct  and 
CPEdl) and bulk material (Rb and  CPEb). CPE are used instead of pure capacitance to take into 
account the non-uniformity of surface involved in capacitance effect 
90
 , which is reflected by 
depressed semicircle in the EIS measurements. The models also include a finite length 






Both models were compared for the fitting of EIS of M-Nb2O5. Model I (Figure 76 and Figure 
77) and model II (Figure 78 and Figure 79) gave similar values but model I provides better 
fitting to the experimental spectra. Therefore, model I was preferred over model II. 
 
Figure 61. Model I and model II used to fit EIS. 
EIS of H-Nb2O5 at various voltages during the first cycle is shown Figure 62. The fitted EIS 
values are shown in Figure 72. Here all the typical regions discussed previously are seen, 
except for the surface film region in the high frequency range. The surface film formation was 
probably too small to be noticeable by EIS, and the surface film was not taken into account in 
the fitting model. The charge transfer region in the middle frequency range was always 
present as the largest semi circle. Upon discharge to 1.5 V, the width of the charge transfer 
circle decreased. It then increased when discharge to 1.0 V and charged to 1.9V, finally 
decreasing again with further charging to 2.6 V. This was completely reflected in the Rct value 
following the same trend, decreasing from 47 to 28 Ω, increasing to 40 Ω , and finally 
decreasing to 32 Ω. The corresponding CPEdl value was steadily increasing during the first 
discharge and charge, from 29 to 44 μF. The bulk region was obvious during the discharge 
cycle, while it was less seen during the charge cycle. This came partially from a sharp 
decrease of the bulk resistance upon discharging from ~66 to ~10 Ω, the value was then stable 
around 15 Ω during charging. The disappearance of the bulk region also rooted from a change 
in its characteristic time constant. The time constant of the process was increasing upon 
cycling and the bulk semi circle was shifted to lower frequency. At some point, the bulk 
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region overlapped with the Warburg region in the very low frequencies. If the semi circle is 
too small (low resistance) or too depressed (low CPE exponent), the bulk region is masked by 
the Warburg region. Here, the bulk capacity value was found to decrease during the first cycle 
from 26 to 8 mF. Therefore, the characteristic time increased during the 1
st
 cycle because it is 
inversely proportional to CPEb. Quantitative information can be found in Figure 72, in the 
annex section. 











































Figure 62. EIS parameter of H-Nb2O5 during its 1
st cycle 
Similar correlation observation between EIS value and EIS spectra can be done for the 5
th
 
cycle of the H-Nb2O5 cell (Figure 63). Average values of the parameters are summarized in 
Table 4. The series resistance decreased very slightly from 3.7 to 3.3 Ω, from the 1st to the 5th 
cycle. The charge transfer resistance decreased substantially from 36 to 20 Ω. This could be 
explained by the electrode formation cycle. During initial charge and discharge cycles, 
improvement in the contact between Nb2O5, carbon, polymer, and current collector may occur 
along with structural transformations upon insertion/extraction of lithium.
86,89
  The change in 
resistance value came with an increase in the corresponding capacitance value. CPEdl almost 
triple from 34 to 85 μF, while CPEb nearly doubled from 12 to 19 Ω. Increase in the capacity 
values may rise from better electrolyte  penetration with initial flux of lithium ion.
92
 The 
double layer surface at the interface between the electrolyte and the active material may have 
increased and induced an increase in the double layer capacitance. The improved electrolyte 
penetration was reflected by the decrease in the CPE exponent values, which decreased from 
0.84 to 0.78  for the double layer CPE. As electrolyte further penetrates into the pores of the 
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active material, the interfacial contact surface becomes less and less flat. The increase in 
apparent porosity was reflected in the decrease in CPE exponent value. The bulk resistance Rb 
and capacity CPEb increased from 20 to 26 Ω and from 12 to 19 mF, respectively. Like in the 
first cycle, surface film could not be detected from the EIS, suggesting that SEI formation was 
insignificant and that electrolyte  decomposition was undetectable.
91
 Figure 73 in annex shows 
quantitative information about variation of EIS parameter of H-Nb2O5 at the 5
th
 cycle. 
It was noticed that the variation trend of the impedance values during the fifth were different 
from the first cycle. As an example, Rs at 1 V or 1.9 V were particularly high compared to the 
average value and did not follow the global variation trend. This might come from the 
recording of the EIS, as the EIS spectrum is known to be sensitive to the cell history. EIS 
spectra notably depend on the ageing and EIS of the same cell at the same voltage may vary if 
taken at different times. In the case of the current experiments, EIS was done after 
charge/discharge and stabilization time, which was time consuming. On average, 3 
measurements at most could be done a day, meaning that the following measurement had to 
be done after stabilizing overnight. The different stabilization period for each voltage may 
induce variation in the EIS parameters. Nonetheless, global trend can extracted from EIS at 
different voltage and at different cycle. 












































 Figure 63. EIS parameter of H-Nb2O5 during its 5
th cycle 
Similar analysis can be done for O-Nb2O5 (Figure 64). The series resistance decreased 
substantially, Rs at the 5
th
 was nearly half the value at the 1
st
 cycle. Rct decreased on average 
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from 43 to 35 Ω and CPEdl nearly doubled from 24 to 42 μF. The corresponding CPE 
exponent was almost constant. The variation of the charge transfer parameters were relatively 
less compared to H-Nb2O5.  Bulk properties were noticeable during the first cycle, but they 
disappeared from EIS at the 5
th
 cycle. As explained before, it could be due to dramatic 
decrease in parameters or due to merging of the bulk region with another process region. 
Therefore, the bulk parameters were removed from the fitting model for the 5
th
 cycle. 
Quantitative values about variations of EIS parameters of O-Nb2O5 can be found in Figure 74 
and Figure 75 in the annex section. 



























































































M-Nb2O5 followed similar trends (Figure 65): Rs halved from 4.0 to 2.3 Ω, CPEdl doubled 
from 36  to 80 μF, Rct halved from 20 to 9 Ω, Rb decreased from 15 to 10 Ω, CPEb decreased 
increased from 43 to 57 mF. Interestingly, the CPE exponent increased for M-Nb2O5 but 
decreased for H- and O- Nb2O5.  ndl increased from 0.86 to 0.91 and nb increased from 0.7 to 
0.72. The CPE exponents of M-Nb2O5 were higher than H- or O-Nb2O5. This could be due to 
the surface morphology of the nanostructure. H-Nb2O5 exhibits a porous structure and a high 
surface area, resulting in a low CPE exponent. On the other hand, M-Nb2O5 had smooth 
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surface because of the high processing temperature. During sintering at elevated temperature, 
pores are expected to close due to grain growth, hence the low BET surface area of M-Nb2O5 
and its high CPE exponent value. Another particularity of the M-Nb2O5 cell was the 
appearance of the surface film in its EIS spectra. The surface film was pre existing, as seen 
from the EIS spectra of the pristine cell before any cycling (Figure 60.b). Upon the first 
discharge, the surface film could not be resolved and reappeared again during the 1
st
 charge. 
This lowering in the surface film resistance can be explained by the removal of a pre-existing 
passive surface film covering the electrode and by better penetration of the electrolyte in the 
electrode; both improve the contact between the electrode and the electrolyte.
93
 Rsf  decreased 
from 8  to nearly zero, reflecting the disappearance of the passive film upon initial current 
flux. This passive film hinders the lithium diffusion into the active material: charge transfer at 
the electrode/electrolyte interface is expected to be easier with reducing passive surface film, 
while the effective contact area at the electrode/electrolyte interface is expected to increase. 
This was reflected by a decreased Rct and an increased CPEdl. However, the passive surface 
film was substituted by an active surface film, which comes from the decomposition of the 
electrolyte by the electrode. The increased surface film was reflected by increased values of 
the surface film parameters with cycling. For the 5
th
 discharge the surface film parameters 
were higher compared to the 1
st 
one and present at all voltages, pointing out the surface film 





 cycle can be found in Figure 76 and Figure 77 in the annex section. EIS 




 cycle with the model II are shown Figure 78 and 
Figure 79 in the annex section. As discussed earlier, values between the model I and model II 
are similar but model I gave better fitting. 
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Table 4. average EIS paremeters of the three polymorphs, derived from model I 








n b Rb 
(Ω) 
W R  
(Ω) 
W T  
(s) 
W P 
H 1st 2.5E-01 3.7 34.3 0.84 36.4 11.9 0.69 19.5 167.3 78.3 0.53 
H 5 th 1.7E-01 3.3 85.4 0.78 19.5 19.1 0.65 26.2 307.8 57.3 0.57 
            
O 1 st 9.2E-02 4.4 24.3 0.86 43.3 29.2 0.54 17.8 51.5 64.2 0.55 
O 5 th 8.1E-01 2.3 42.1 0.85 35.4    336.8 92.3 0.49 
            
M 1 st 4.2E-02 4.0 36.0 0.86 20.1 42.6 0.70 15.0 51.3 92.1 0.50 
M 5 th 2.2E-02 2.3 79.5 0.91 8.9 57.3 0.72 10.6 76.5 113.1 0.52 
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6.3.2. Warburg pre factor technique 








































Figure 66 two examples of Warburg regions: (a) showing a clear transition from a 45° to a higher slope line and 
(b) with no clear 45° slope region. 
The Warburg pre factor technique was applied to calculate the chemical diffusion coefficient 
of Li ion in Nb2O5 from EIS for all spectra. The first step consists in identifying the suitable 
region, i.e. the frequency range over which the impedance curve shows a straight line inclined 
at 45°. Figure 66.a shows a good example of a Warburg region for the H-Nb2O5 during its first 
discharge at 2.1 V, where a portion of the spectra at low frequency can be fitted to a 45° line.  
In this frequency range, the real part and the imaginary part of the impedance are proportional 
to the inverse of the square root of the radial frequency, with Aw the coefficient of 
proportionality.  Figure 67.a shows the plot of the real and imaginary part of the impedance in 
function of ω-1/2.  Both curves fitted well to a linear function. The Warburg pre factors were 
22.1466 and 22.77996 when derived from the real and the imaginary part, respectively. 
Theoretically, both coefficients should be equal. In real spectra, both coefficients were found 
to be almost equal with a difference not exceeding 4%. 
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Figure 67. (a) real and imaginary part of impedance in function of ω-1/2 (b) The variation of cell potential with 
respect to the Li stoichiometry and its derived curve. 
The variation of cell potential with respect to the Li stoichiometry was derived from the 
cycling curve of the same cell. The Li composition was calculated from the capacity, knowing 
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           . An example of corresponding curve for the H-Nb2O5 during the 
2
nd
 discharge and its derivative are shown in Figure 67.b. From the Warburg prefactor and the 
derivative of the cell potential with respect to the Li composition, DLi was calculated.  























































































Figure 68. Lithium chemical diffusion coefficient derived from EIS by the Warburg prefactor technique. 
Figure 68 shows the DLi calculated from EIS spectra during discharge and charge, during the 
1
st
 and the 5
th
 cycle, for the three polymorphs. DLi could not be calculated at voltage where the 
Warburg region was not clear, like for H-Nb2O5 during the first charge to 2.6 V (Figure 66.b). 
In these situations, either the Warburg region does not appear or it is too small to provide 
accurate value of the Warburg pre factor. The surface area S was calculated from the known 
active mass and BET surface area of the sample. The surface areas were 827.8, 144.2, 21.2 
cm
2
 for H-, O-, and M-Nb2O5, respectively. 
In H-Nb2O5 DLi decreased during discharge from 6 10
-15




/s, which is an order of 









/s at 1.7 V, 




/s at 2.1 V. During the fifth cycle, the diffusion 
coefficient followed the same trend and had similar values at the different voltages, even 
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though the spectra differed from the 1
st
 to the 5
th
 cycle. The Warburg region could be seen at 
some voltage during the 1
st
 cycle and could disappear at the same voltage during the fifth 
cycle.  









/s at 1.0 









upon charging to 1.9 V.  DLi  calculated from EIS in the 5
th
 cycle gave similar variation trend. 
However, the value of DLi was smaller by an order of magnitude, with values varying in the 
0.2 – 3.6 10-14 cm2/s range. This observation is consistent with the relatively higher capacity 
fading noticed in O-Nb2O5 compared to the other crystal structure.  
In M-Nb2O5 (1100 °C,1h), DLi followed similar trend to DLi in H-Nb2O5 (Figure 68.c). 
However, fewer EIS spectra were exploitable, because of the difficulty to identify the 
Warburg region, especially during the 1
st
 cycle. During the fifth cycle, more DLi values could 
be calculated, giving the evolution trend of DLi  with respect to the voltage. The few DLi values 
calculated from the 1
st
 cycle were similar to values during the fifth cycle, at the same voltages. 
Like for H-Nb2O5, this is consistent with the good capacity retention of H- and M-Nb2O5. In 
M-Nb2O5, DLi evolved in the 3.7 10
-12
 – 1.1 10-10 cm2/s range. It can be noticed that calculation 
of the diffusion coefficient assumes a single phase reaction, however, M-Nb2O5 exhibit a two 
phases reaction. In the two phases region, i.e. at voltage around 1.66 V during discharge and 
1.69 V during charge, the calculated DLi is not precise but represent an apparent diffusion 
coefficient. In these regions, Li ions diffuse through a mixture of two phases, creating 
interphase boundaries within the active material. 
In all three structures, DLi underwent large variation over 2 orders of magnitudes, but in very 






/s, which is two 
order of magnitude lower than for O-Nb2O5 and four order lower than for M-Nb2O5. The 





Remark for the limiting frequency technique 
DLI can be obtained graphically from EIS, by the limiting frequency technique. In the same 
theory framework briefly exposed earlier for the Warburg prefactor technique, the Warburg 
region exhibits two different regions, corresponding to two straight lines with different slope 
in the Warburg region. In the low frequency a 45° line gives way to another straight line with 
a higher slope in the very low frequency. The transition frequency fL, also called the limiting 
frequency, allows calculating DLi with the following simple formula: 
          
  
This formula only requires value of the diffusion length in the active material and appears 
easier than the Warburg pre factor technique explained before, where a linear fitting and a 
derived titration curves are needed. However, this graphical technique is less precise, because 
of the uncertainty in obtaining the limiting frequency. As can be seen from Figure 66.a, the 
transition from one straight line to another is smooth and the exact transition point is difficult 
to assess. Therefore, the Warburg pre factor technique was preferred to analysis impedance 
spectra. 
 










































































Figure 69 GITT step for H-Nb2O5 during 1
st discharge at 2.1 V (a) potential variation with time and (b)    vs    
characteristic 
 
EIS was also calculated from GITT for the three polymorphs. Figure 69.a shows a GITT step 
for H-Nb2O5 during discharge for a duration τ, from an equilibrium potential Es to to Eτ = 2.1 
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V, before reaching another equilibrium potential E0. ΔEs is the difference between the final 
and initial equilibrium potential, while         is calculated from the slope of the    vs    
characteristic, shown Figure 69.b. Surface areas assumed for the calculation were same as in 




 cycle for the three 
polymorphs, at the same potentials as the EIS technique, are shown Figure 70.  
DLi in H-Nb2O5 is shown Figure 70.a. DLi decreased during the 1
st













/s during charge to 








/s at 2.6 V. During the fifth cycle, DLi were almost identical to the first cycle. DLi in O-













/s. During the fifth cycle, DLi 
followed the same trend, with value slightly higher during the fifth discharge compared to the 






/s during the first 









/s at 2.6 V. The fifth cycle had similar values. Like in the theory of EIS, DLi 
from GITT assumes single phase reaction, and DLi derived for M-Nb2O5 around ~1.6 V 
represent an apparent diffusion coefficient. Figure 71.a shows a GITT step near the transition 
voltage. It can be seen the cell voltage exhibits a plateau, corresponding to the two phases 
region. In such a region,    vs    characteristic does not show a linear behavior (Figure 71.b). 
In that situation, an average of        was taken. The corresponding DLi value was 
consequently less precise than values obtained at different potentials.  
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Figure 70 Lithium chemical diffusion coefficient calculated from GITT during the first and the fifth cycle for (a) H-
Nb2O5, (b) O-Nb2O5, and (c) M-Nb2O5. 
 Similarly to EIS studies, the diffusion coefficient had large variations over more than two 
orders of magnitude upon charge and discharge. Besides, similarly, H-Nb2O5 had values two 
orders lower than O-Nb2O5 and four orders lower than M-Nb2O5. The evolution trends of DLi 
in the two techniques were comparable for H and M-Nb2O5, while it was different for O-
Nb2O5. This difference for O-Nb2O5 could not be explained. The values from GITT were on 
average an order of magnitude higher than those from EIS. The difference may arise from the 
uncertainties inherent to both techniques. In GITT, the perturbation time should be long 
enough to provide a measurable and accurate response, but should be short compared to the 
characteristic diffusion time.
94
 If the charge or discharge is too large, the diffusion coefficient 
values lose in precision. In the Warburg pre factor technique, the uncertainty in DLi values 
comes from the difficulty to identify the Warburg region. If the time constant of the different 
processes in a battery are too close, the impedances arising from these phenomena overlap and 
may more or less hide the Warburg region. In literature, reports of similar difference in the DLi 
evaluated from GITT and EIS can be found.
95
  Nonetheless, both techniques confirm the 
observation on the difference in cycling performances of the different crystal structure from 
electrospinning. Li diffusion coefficient in Nb2O5 particles has been studied by Kumagai et al. 
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by the current pulse relaxation technique.
8









for H-, O-, and M-Nb2O5, with values lower for M-, compared to H- and O-Nb2O5. 
These values confirm their observation of lower cycling performance of M-Nb2O5 compared 
to the other polymorphs in the case of particles. It can be noticed that they reported similar 
range of DLi values for the three polymorphs, whereas this study reports large difference in the 
DLi values from one structure to another. It comes from the assumption made in the calculation 
of the surface A for the calculation of DLi
.
 In GITT, the EIS or the current pulse technique, DLi 
is inversely proportional to the square of the surface area A. Kodama et al. assumed A to be 



















































Figure 71 GITT step for M-Nb2O5 in the two phases voltage region (a) potential variation with time and (b)    vs 





Analysis of the EIS parameters showed that M had the lowest bulk resistance among the three 
phases, indicating low resistivity of the M phase. Besides, M also had the lowest charge 
transfer resistance, indicating facile Li insertion/extraction in the M-phase. Calculation of the 
chemical diffusion coefficient by the Warburg pre factor technique from EIS showed that 
Lithium ions insert and extract more easily in the order M, O, H. The chemical diffusion 
coefficient in M was two orders of magnitude higher than in O, and four orders higher than in 
H. GITT provided values different by one order of magnitude, but the relative difference 
among the three phases was confirmed. These results are consistent with the observed 
difference in cycling performances between the three polymorphs.   
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7. General conclusion 
 
Nb2O5 fibers were synthesized by electrospinning and adequate annealing step. 
Electrospinning proved to be a scalable technique for producing nanofibers with controlled 
dimensions. Parameters were optimized to obtain stable electrospinning conditions and to 
produce decent amount of fibers. Up to 1g of nanofibers after sintering could be produced 
within an experiment and with a single spinneret. Tuning parameters like the voltage or the 
feed rate was an efficient way to change the fiber diameter. After annealing the composite 
fibers at temperature up to 1100 °C, the Nb2O5 nanofibers/nanonuggets were carefully 
characterized by a variety of techniques, highlighting the very different properties of the 
crystal phases synthesized: the H, O and M-Nb2O5. Fibers not only changed in their crystal 
structure but also on their morphology, surface area, and band gap values. These three crystal 
structures were applied in Dye sensitized Solar Cells, Solar Fabric, and in Li-Ion Batteries. 
In DSSC, the three different polymorphs had different device performances. Cells were 
prepared by various techniques. The direct electrospun fibers based cell had the highest fill 
factor among all the cells tested, suggesting very good transport properties when the large 
aspect ratio of the nanofibers is maintained.  However, device making was tedious because of 
adhesion issues and crack formation. Besides, only the H phase could be tested because of 
sintering limit. To test all phases, spraying and doctor blading techniques were used. While 
spraying gave very random results, doctor blading gave consistent results upon careful paste 
optimization. Thickness of the cells could be controlled by changing the paste formula and 
device efficiency was proportional to the thickness up to 30 μm. In absolute value, the H 
phase gave higher efficiency than O, which in turn gave higher efficiency than the M phase. 
This was explained by the difference in surface area/dye loading between the phases. 
However, M-Nb2O5 exhibited the highest efficiency normalized to the surface area. This 
suggested that M-Nb2O5 had excellent electron transport properties compared to the two other 
phases. To investigate this issue, kinetic studies were carried out by Electrochemical 
Impedance analysis and photo transient techniques. M-Nb2O5 exhibited the highest diffusion 
coefficient. H and O had similar diffusion coefficients, which were one order of magnitude 
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lower than in M. This study suggests that if M-Nb2O5 could be synthesized with higher surface 
area, cell efficiency could significantly improve. It was noticed that no similar comparative 
study was available in literature.  
H-Nb2O5 nanofibers were applied in solar fabric, a recent design of photovoltaic system 
inspired from DSSC. Preliminary studies showed that Nb2O5 nanofibers exhibited low 
absolute efficiency value due to problem of charge collection. However, the fabric proved to 
have photovoltaic effect and the open circuit voltage was found to be near to its DSSC 
counterpart .Efficiency could be much increased by improved the design of the fabric. 
In LIB, the three polymorphs also exhibited different device performances. The electrodes 
were prepared by a well established doctor blade technique. Coin cells were tested from 
Nb2O5 nanofibers sintered at various temperatures in the 500 – 1100 °C temperature, in 
different voltage ranges and current rates. It was found that initial capacity increased with the 
sintering temperature. However, capacity fading did not have similar linear variation in the 
whole temperature range. For a given crystal structure, capacity fading improved with higher 
sintering temperature due to higher crystallinity, like for O sintered at 800 and 900 °C. If the 
fibers were heated at 1000 °C, crystal structure changed to M-Nb2O5 and resulted in higher 
initial capacity but also higher capacity fading.  Sintering time also impacted on cycling 
performance. It was noticed that M-Nb2O5 sintered for 11h had worst cycling performances 
than M-Nb2O5 sintered for 1h, maybe due to excessive grain growth. Ta substitution in Nb2O5 
was performed and the fibers were sintered at 900 °C. The crystal structure remained O-
Nb2O5, but morphology and cycling performances changed. Initial capacity was higher, but 
capacity retention was worst. Among all the structures tested, the M-Nb2O5 had the best 
cycling performances. Kinetics studied by EIS and GITT confirmed that observation, showing 
that M-Nb2O5 had diffusion coefficient 2 order higher than O and 4 order higher than H. 
Results of the present study were different from available literature on Nb2O5 particle, 
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9. Appendices: Impedance value table for LIB 
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Figure 72. EIS parameter of H-Nb2O5 during its 1
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Figure 73. EIS parameter of H-Nb2O5 during its 5
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Figure 74. EIS parameter of O-Nb2O5 during its 1
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Figure 75. EIS parameter of O-Nb2O5 during its 5
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Figure 76. EIS parameter of M-Nb2O5 during its 1
st cycle, fitted by the model I. 
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Figure 77. EIS parameter of M-Nb2O5 during its 5
th cycle, fitted by the model I            
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Figure 78. EIS parameter of M-Nb2O5 during its 1
st cycle, fitted by the model II. 
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Figure 79. EIS parameter of M-Nb2O5 during its 5
th cycle, fitted by the model II. 
